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PREFACE 
The "Composite Engines for Application to a Single-stage-to-Orbit Vehicle 11 
program was performed for the National Aeronautics and Space Administration/Langley 
Research Center under Contract NASl-13304. The basic objectives of this program 
were: (1) Design seven composite engines for application to a single-stage-to-orbit 
reusable launch vehicle and (2) Characterize these engines in terms of performance, 
weight and geometry. 
Special acknowledgement is given to William R. Hammill who prepared the 
engine drawings and estimated the weights for all engines and to Jeanette A. Yocham 
who typed this report. 
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COMPOSITE ENGrnES 
FOR 
APPLICATION TO A REUSABLE SrnGLE-STAGE-TO-ORBlT VEHICLE 
BY 
JOSEPH G. BENDOT 
PHILIP N. BROWN 
THOMAS G. PIERCY 
THE MARQUARDT COMPANY 
SUMMARY 
Seven composite engines were designed for application to a reusable single-
stage-to-orbit vehicle. Six of the engines were airturborocket variations of the 
Supercharged Ejector Ramjet engine in which the airbreathing gas generator was 
replaced with a bipropellant gas generator to reduce engine weight. One of the engines 
was an ejector ramjet. Variables perturbed were fan pressure ratio, fan removable 
or fixed, relative ejector subsystem thrust, and fuel. 
The basis for engine design was to maximize specific impulse for the Super-
charged Ejector Ramjet operating mode at sea level static conditions. Engine 
performance was then estimated for a series of flight trajectory conditions. Four 
additional operating modes considered were Fan Ramjet, Ejector Ramjet, Ramjet, 
and Rocket. A weight statement and outboard profile and installation drawings were 
prepared for each engine. 
The results of this study form a data base for establishing the potential of this 
class of composite engine to various missions, including the single-stage-to-orbit 
application. An examination of possible improvements indicated that the Fan Ramjet 
specific impulse can be increased significantly if a mUlti-stage turbine is used. A 
study of ground test facilities indicated reduced size engines should be considered to 
minimize facility improvement requirements. 
INTRODUCTION 
A number of satellite launch vehicles have been successfully developed by the 
United States and other nations. Good examples are the Thor-Delta, Titan III, Scout 
and Saturn launchers. These programs have demonstrated man's ability to transport 
large payloads into earth orbit. However, these vehicles are not recoverable and, 
therefore, the cost per unit payload in orbit is very high. The primary objective of 
the c.urrent Space Shuttle program is to significantly reduce the cost of putting large 
payloads into orbit through recovery and reuse of the costly orbiter vehicle and the 
solid rocket motor cases. However, launch vehicles in which all components are 
largely reusable must eventually be developed if truly low-cost space operations are 
to be achieved. The airbreathing launch vehicle has inherent features which make it 
a prime candidate for future second generation shuttle systems. 
The rocket engine is characterized by high thrust-to-weight ratio but at low specific 
impulse values. In contrast, true airbreathing engines are characterized by high specific 
impulse performance, but engine weights are heavy. The composite engine combines the 
best features of rocket and air breathing engines into simple integrated, highly flexible 
propulsion systems. These propulsion systems feature multimodal operation capability 
with cycle process interactions between engine components. Increased engine perform-
ance results from this synergistic design approach. Examples of composite engines are 
the Ejector Ramjet (ERJ) and the Supercharged Ejector Ramjet (SERJ). This class of 
engine is also frequently referred to as mixed cycle engines, rocket ramjet engines, and 
less frequently, as compound cycle engines. 
Under an earlier NASA contract (NAS7-377, references 1 and 2 and appendix A), 
the potential of several composite engines, when applied to the first stage of a two-stage 
manned advanced reusable launch vehicle, was evaluated. Payload in orbit was the prime 
evaluation criteria. Composite engines were shown to be competitive to an advanced 
liquid rocket engine. In particular, the payload performance of the SERJ engine was 
promising. 
Recently, NASA and industry design studies have shown the potential of reusable 
single-stage-to-orbit vehicles for the 1995 time period. The composite engine is one 
candidate propulsion system since earlier work indicated its potential. The current 
study was initiated to design and characterize composite engines similar to the SERJ 
cycle to provide a data base for evaluating such engines for single-stage-to-orbit and 
other vehicle concepts. In this study, extensive use was made of the SERJ/ERJ 
technology developed under Air Force/Navy sponsored programs (ref. 3, 4, 5, 6, 7, 
8 and 9). 
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SYMBOLS 
The data were obtained in the U. S. Customary Units but are presented 
in both International Units (SI) and U. S. Customary Units. 
A 
a 
ATR 
Cp 
D 
ERJ 
F 
FRJ 
F/W 
g 
H 
h 
Isp 
L 
M 
OfF 
P 
R 
R 
c 
RJ 
SERJ 
··SFC 
SLS 
T 
V 
W 
W /w 
s p 
y 
T/ 
P 
Area 
Speed of sound 
A irturborocket 
Specific heat at constant pressure 
Diameter; mixer divergence area ratio, A5/(A4 + A~) 
Ejector ramjet 
Thrust 
Fan ramjet 
Thrust to weight ratio 
Gravitational constant 
Enthalpy 
Altitude 
Propellant specific impulse 
Length 
Mach number 
Oxidizer/fuel flow ratio 
Pressure 
Gas constant 
Fan total pressure ratio 
Ramjet 
Supercharged ejector ramjet 
Specific fuel consumption 
Sea level static conditions 
Temperature 
Velocity 
Weight flow 
Ejector secondary to primary flow ratio 
Ratio of specific heats 
Component process efficiency 
Density 
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Subscripts 
a 
A/B 
C 
f 
g 
m 
N 
NJ 
o 
P 
s 
T 
SYMBOLS (continued) 
Fuel equivalence ratio 
TT2 ("K) TT2 (OR) 
Corrected inlet total temperature, 519 or 
288 
PT2 (psia) 
Corrected inlet total pressure, 14.7 
Air 
Afterburner 
Combustion, cowl 
Fuel 
Gas 
Mass 
net 
Net Jet 
Oxidizer 
Primary exit, primary stream 
Secondary stream 
Total condition 
2 PT2 (Newton's/meter) or 
1. 0135 x 105 
Engine Station Subscripts 
o 
2 
2F 
3F 
3 
4 
5 
6 
6A 
7 
8 
9 
3A 
4G 
6T 
7T 
2P 
3P 
4P 
4 
Freestream 
Engine inlet 
Fan inlet 
Fan exit 
Fan/gas generator exhaust (mixed flow) 
Mixer inlet 
Mixer exit/diffuser inlet 
Afterburner inlet 
Afterburner station after flameholders 
Afterburner exit 
N ozz Ie throat 
Nozzle exit 
Gas generator chamber 
Gas generator nozzle throat 
Fan turbine inlet 
Fan turbine exit 
Ejector chamber 
Ejector throat 
Ejector exit 
o 2 2F 3F 3 4 5 
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Figure I, Engine Station Nomenclature for Supercharged Ejector Ramjet 
Engine, Airturborocket Cycle Variation 
APPROACH 
Supercharged Ejector Ramjet Engine 
The basic arrangement and salient features of the Supercharged Ejector Ramjet 
(SERJ) engine as developed in references 1 and 2 are presented in Figures 2 (a). In 
this engine, a low pressure ratio fan driven by an airbreathing gas generator (i. e. a 
turbojet), is integrated with rocket-like ejector primaries and an afterburner/ramjet 
combustor. The propulsion system features multimodal q:>eration capability; six 
distinct engine operating modes can be used to maximize mission performance. 
The air breathing gas generator of the basic SERJ cycle has a relatively low 
fuel consumption but is a considerable portion of the engine weight, especially at 
high fan pressure ratios (ref. 2). A variation of the basic SERJ cycle in which the 
air breathing gas generator is replaced with a bipropellant gas generator is shown in 
Figure 2(b) and is designated the airturborocket SERJ engine (ATR-SERJ). The 
bipropellant gas generator is lighter than the air breathing gas generator, but the 
consumption of fuel and on-board oxydizer is greater. Since preliminary NASA mission 
studies indicate that the ATR-SERJ is capable of greater mission performance than the 
basic SERJ engine, the ATR-SERJwas evaluated in this study. 
Engine Operating Modes 
The multbnode operation capability of the A TR-SERJ engine is the key to its 
operating versatility. Figure 3 shows the five major q>erating modes in which this 
engine functions during a single-stage-to-orbit mission. 
The concurrent operation of all subsystems, designated the Supercharged 
Ejector Ramjet (SERJ) mode, is the engine's maximum thrust mode in the lower speed 
regilne (MO < 3.0). In this operating mode, the fan is driven by the gas generator, the 
ejector operates at full or partial power arx:l the ramjet functions as a stoichiometric 
fuel/air ratio afterburner, in combination with the two preceding stages of compression. 
The Fan Ramjet (FRJ) mode which has higher specific impulse perfonnance, albeit 
significantly lower thrust than the SERJ mode, is accomplished by shutting down the 
ejector primary subsystem. Thermodynamically, this mode functions as an augmented 
plenum burning turbofan. As the vehicle accelerates to approximately Mach three, the 
gas generator is shut down and the fan is either mechanically removed from the airstream 
or allowed to autorotate (windmill). This is the Ramjet (RJ) mode. Engine specific 
impulse is very high in this operating mode. During ramjet operation, if an increase in 
thrust is required, then the Ejector Ramjet (ERJ) mode, as distinguished from the SERJ 
mode, is accomplished by turning on the ejector. This mode can be characterized as a 
high thrust, air augmented rocket engine cycle. Finally, at high Mach number and high 
altitude flight conditions (MO= 4.5 --. 8.0), the rocket operating plode is used. In this 
engine mode, the inlet is closed off, the ejector is turned on and the ramjet combustor 
is shut down. This operating mode is continued until orbital speed is achieved. A fan 
mode can also be used for low thrust applications, but this mode was not analyzed in this 
study. 
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Figure 3. ATR-SERJ Operating Modes 
Performance Computer Programs 
A digital computer program was developed to calculate steady-state design and 
off-design performance for the Supercharged Ejector Ramjet (SERJ) engine. The 
writing of this program was initiated with Marquardt funds and completed under contract 
N00019-69-C-0541, a jointly funded Navy/Air Force program (Ref. 7 ). This program 
incorporates a nuinber of computational features, some of which are unique to cycle 
analysiS computer programs in general, which provide for the capability of conducting 
the following analyses: 
1. Design and off-design performance 
2. Standard and non-standard atmosphere performance 
3. Propulsion modes 
4. Fan/gas generator cycle arrangements 
5. Component performance tradeoffs 
6. Fan/gas &enerator cooling bleed air reqUirements 
7. Fan/gas generator matching studies 
8. Handling various fuels and propellants 
9. Control system studies. 
While this program was developed specifically for the SERJ engine, with mod-
ifications, it is applicable to other types of composite engines as well as to other 
airbreathing propulsion cycles. For this study, the airbreathing gas generator code 
was removed, and a new gas generator subroutine was written which computed the 
ATR-SERJ performance for either a bipropellant or monopropellant gas generator. 
The new bi/monopropellant gas generator subroutine was written to include chemical 
equilibrium/frozen flow performance. All propellants within a C-H-N-O system 
can be analyzed. The inputs to the gas generator subroutine are similar to those for 
the ejector SUbsystem with the exception that gas generator outlet/fan turbine inlet 
total temperature is used as a control parameter. Figure 4 presents the modified 
program logic to compute airturborocket performance. Station nomenclature was 
retained where possible with the appropriate interfacing station retained. In addition, 
the SERJ program mixer subroutine was changed to allow consideration of a divergent 
area ratio mixer. Several engines optimized in this program have a divergent mixer. 
To reduce the computer time required to optimize a specific engine design, a 
modification was made to the basic SERJ program to allow changing any component 
downstream of the fan/mixer without recomputing the performance of the components 
upstream of the component being optimized. Additional improvement in running 
time was accomplished by modifying equilibrium chemistry subroutine tolerances. 
Running time on the IBM 360-65 is 2 to 4 minutes per point, and the storage capacity 
requirement is 210,000 bytes. 
The engine technology and component performance used to design and estimate 
performance for the six study engines is presented in Table I and Figures 5 through 10. 
The key engine design technology assumptions were: 
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1. Use of single stage tip turbine on single stage fan. 
2. Design fan turbine pressure ratio = 3.50. 
3. Maximum fan turbine inlet temperature = 1367°K (24600 R). 
4. Ejector primary and afterburner/ramjet stoichiometric combustion. 
5. External gas generator. 
6. In estimating inlet performance, the lower surface of the vehicle is 
assumed to be at 0° angle of attack. 
In principal, the modifications made to the SERJ engine performance computer 
program to compute airturborocket performance were relatively straightforward. 
However, considerable difficulty was experienced in interfacing these changes with 
the basic SERJ program. As a consequence of this delay, the performance of engines 
No.1, 2 and 3 were computed with the composite engine program developed under 
Contract NAS7 -377. The performance of engines no. 4, 5, 6 and 7 were computed 
with the modified SERJ program. 
Rocket Mode Performance 
The analyses techniques developed to estimate rocket operating mode performance 
are belived to be unique and, therefore, are presented in Appendix B of this report. 
It should be noted that two distinctly different rocket operating modes can exist. These 
operating modes are: 
1. Subsonic Solution - In the subsonic solution, the ejector (rocket) flow 
shocks down to subsonic velocities in the mixer, diffuser and after-
burner. The flow then accelerates to Mach 1 at engine exit nozzle 
throat and expands to supersonic velocities in the divergent section of 
the engine exit nozzle. 
2. Supersonic Solution - In the supersonic solution, the ejector flow 
remains supersonic through the mixer, diffuser, afterburner and 
engine exit nozzle. 
Which rocket operating mode will exist is largely determined by the maximum flow 
area of the engine exit nozzle throat. The supersonic solution, which is the higher 
performance operating mode, requires a considerably larger exit nozzle throat area 
than with the subsonic solution. One of the basic reasons for incorporating the trans-
lating ring variable geometry exit nozzle into all the engine designs was its ability to 
vary throat area over a very wide range. This nozzle design satisfies the throat 
area reqUirements for the supersonic solution rocket operating mode. However, it 
must be pointed out that there are large flow deflections in passing through the trans-
lating ring nozzle. Whether these deflections could cause choking is unlmown and 
would have to be experimentally verified. 
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Engine Optimization 
The basis for engine design was to maximize specific impulse for the SERJ 
operating mode at sea level static conditions. This optimization process proceeded 
as follows. A fan diameter was arbitrarily selected. The fan hub to tip ratio was 
taken as 0.45. With the fan total pressure ratio specified, the fan discharge flow 
area and Mach number are established. Based on prior composite engine design 
experience, the ratio of the afterburner flow area to the fan discharge area (mixer 
entrance area) was taken as ~ 2.2. The engine incorporates a variable geometry 
exit nozzle, therefore, engine specific impulse is maximized through variation of mixer 
geometry. The result of this optimization is presented in Figure 11 for engine 1. 
A mixer divergence ratio, (A4 + A4p)/A5' of 0.68 was selected as optimum. With this 
geometry, the engine specific impulse is 426.8 seconds. The resulting afterburner 
flow velocities were examined and judged acceptable. Engine thrust was computed. 
The arbitrarily selected fartengine flow areas were then scaled to produce the 
specified thrust of 1. 8 x 10 Newtons (404,656 lbs). 
Figure 12 shows the optimization for engine 2, and engine 3 is the same in 
this respect. A mixer divergence ratio of .884 was selected as optimum. For 
engine 4, the optimization led to a mixer exit Mach number that approached sonic, 
as shown on Figure 13. Based on prior experience, the mixer exit Mach number was 
limited to 0.7 to avoid choking. As shown on Figure 14, engine 5 was shnilarly 
lhnited. Based on the results for engine 4, engines 6 and 7 were assumed to be 
optimum with the mixe,r exit Mach number limited to 0.7. 
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TABLE 1. ASSUMED ENGINE TECHNOLOGY 
AND COMPONENT PERFORMANCE 
Inlet (Air Induction System) 
Total Pressure Recovery, Pr2/PTO 
Capture Area Ratio, AO/A2 
Total Pressure Ratio (RC = 1. 3) 
Total Pressure Ratio (RC = 1. 8) 
Corrected Airflow, Wa J a T 2/ PT 2 A 
Adiabatic Efficiency, 17F 
Windmilling Fan Performance 
Bipropellant Gas Generator 
Maximum Outlet Temperature, TT3A 
Combustion Efficiency, 17CGG 
Propellants 
Engines No. I, 2, 3 and 4 
Engines No. 6 and 7 
Fan Turbine 
-Figure 5 
- Variable Geometry Inlet 
- Figure 6 
- Figure 7 
- Figure 8 
- Figure 9 
- Figure 10 
= 1367° K (2460° R) 
= 0.95 
Maximum Turbine Inlet Temperature, TT 4G = 1367° K (2460° R) 
max Single Stage Tip Turbine • 
Total Pressure Ratio. PT 6T/PT 7T = 3. 50 
Adiabatic Efficiency, 71T = O. 85 
Ejector (Primary) 
Design Chamber Pressure, Pr 3A 
Combustion Efficiency, l1Cp 
= 10.3 x 106 N/m2 (1494 Ib/in2) 
= 0.975 
Stream Thrust Nozzle Coefficient, CFNp 
Propellants 
Engines No.1, 2, 3, 4, 5 and 7 
Engine No.6 
= 0.984 
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TABLE I • Continued 
Mixer 
Mixing Efficiency, 71M 
Mixer Drag Coefficient, CDM 
Diffuser 
Diffuser Efficiency, 110 
Afterburner/Ramjet 
Combustion Efficiency, 71C AlB 
Burner Drag Coefficient, CD AlB 
Propellants 
Engines No.1, 2, 3, 4 and 5 
Engines No.6 and 7 
Exit Nozzle 
Nozzle Area Ratio, AlA8 
Stream Thrust Nozzle Coefficient, CFNA/B 
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= 0.985 
= 0.0 
= 0.90 
= 0.95 
= 0.0 
Variable Geometry 
Exit Nozzle 
= 0.98 
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Supercharged Ejector Ramjet Operating Mode 
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DESIGN SPECIFICATIONS 
The design specifications were selected to provide incremental e.ffects from 
the SERJ engine of the previous composite engine launch vehicle study ( Ref. 2), 
The size of each engine was selected as follows: 
Engines 1, 2, and 3 1. 8 x 106N (404,656 lb) sea level 
static thrust 
Engines 4, 6, and 7 Same fan as engine 3 
Engine 5 Same primary as engine 4 
The matrix of design parameters was as follows: 
TABLE II. ENGINE DESIGN SPECIFICATIONS 
Design Design Ejector Gas Ejector AlB 
E gi Fan Study n ne Secondary Generator (rocket) Ramjet 
Engine C I Pressure to Primary Propellants P rQ2ellants Fuel yc e R t' a 10 Flow Rate Fuel Qxidizer Fuel Oxidizer 
1 ATR 1.3 3.3 H2 °2 H2 °2 H2 
2 ATR 1.8 3.3 H2 °2 H2 °2 H2 
3 ATR 1.8 3.3 H2 °2 H2 °2 H2 
4 ATR 1.8 1.0 H2 °2 H2 °2 H2 
5 ERJ 1.0 H2 °2 H2 
6 ATR 1.8 1,0 JP-4 ~ JP-4 ~ JP-4 
Fan 
Disposition 
Removable 
Removable 
Fixed 
Fixed 
Fixed 
7 ATR 1.8 1.0 JP-4 
°2 H2 °2 JP-4 Fixed 
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RESULTS 
The results for each engine are presented in tables and drawings as follows: 
Propellant Engine Installation 
Engine Perfortnance Flow Rates Weights Drawing Drawing 
1 Table III Table IV Table V Fig. 15 Fig. 16 
2 Table VI Table VII Table VIII Fig. 16 Fig. 18 
3 Table IX Table X Table XI Fig. 19 Fig. 20 
4 Table XII Table XIII Table XIV Fig. 21 Fig. 22 
5 Table XV Table XVI Table XVII Fig. 23 Fig. 22 
6 Table XVIII Table XIX 
7 Table XX Table XXI Table XXII Fig. 24 Fig. 22 
The maximum airbreathing Mach number is believed to be 8.0 for engine 1, 2 and 5 and 
4.5 for the remaining engines which have fixed fans. The Mach number and altitude 
com binations were selected to give performance data near an ascent flight path limited 
to 90,000 N/m2 (1880 Ib/ft2). The performance and propellant flow rates data were 
output from the performance computer programs. The weights were scaled from work 
accomplished under previous programs already referenced. 
The major components and salient features of the engine designs are presented 
in the engine drawings. The use of multiple ejector nozzles is assumed. Based on test 
experience, the mixer length/diameter was taken as 1. O. To minimize engine length 
and, therefore, weight, a wide angle ( ....... 20°) diffuser is used to reduce the high mixer 
exit velocities to suitable afterburner/ramjet combustor entrance velocities. Some 
form of boundary layer control, such as vortex generators or a ribbed diffuser is 
required to avoid diffuser separation. As discussed earlier, a translating ring 
variable geometry exit nozzle is incorporated in this engine design. This type of exit 
nozzle was also used in Contract NAS7-377. The maximum exit nozzle flow area was 
largely established by experience. Improved high flight speed performance versus 
exit nozzle weight must be traded off to define exit nozzle size. 
The installation drawings show the two dimensional variable geometry inlet designed 
by Lockheed under Contract NAS7-377 and used in this study. For engines 1, 2 and 5, the 
maximum engine capture area was established at a Mach number of 3 on the ~amjet mode 
and the inlet was scaled to meet that capture are&. reqUirement. 
The inlet for engine 2 was also assumed for engine 3, although the windmilling 
fan would restrict the flow thru the engine at a Mach number of 3. In contrast, the inlet 
for engine 3 would restrict the flow at a Mach number of 4. 5. The inlets for engines 4, 
6, and 7 were sized for ramjet mode operation at a Mach number of 3 with no windmilling 
fan losses assumed. 
Some data were obtained with the primary ejectors throttled to 50 percent of the 
design flow rate in the SERJ mode. For engine 1, the data were computed for ejectors 
throttled by reducing the chamber pressure and for ejectors throttled by shutting down 
part of the system, thus maintaining chamber pressure at reduced flow rates. For engines 
2 and 3, only the latter approach was used. 
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Engine 6 was analyzed only at the sea level static, SERJ mode condition. Since 
the hydrocarbon ejectors would have to be larger than hydrogen ejectors, the mixer would 
be larger and heavier. This fact and the lack of a mission for which this engine appeared 
to be attractive led to the conclusion to stop further work on this engine. 
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TABLE m 
ENGINE NO. l/PERFORMANCE 
AmTURBOROCKET ENGINE/I. 3 FAN TOTAL PRESSURE RATIO 
___ AJtltude I Thrust hI) ! OperaUDg Mode ft. 1118. Newtons ! NC. NewtoR-e8C m I i kg I 
0 SERJ-I0o% Wp 404,656 1.8 x 106 6 ~6.8 4.184 x 1~ 
0 0 I 401,767 1.787 x 10 415.5 4.075 x 10 
1.989 600 I 477,274 2.132 x 108 457.8 4.508 x loS 11,811 3,600 I 436,436 1. 941'x 106 462.2 4.553 x loS 2,953 900 535,585 2.382 x lOG 489.4 4.799 x loS 
14,764 4,500 468.378 2.083 x 106 486.2 4.767 x loS 
9.843 3.000 610.849 I 2.717 x 106 543.5 5.330 x 103 
19.685 6.000 530.603 , 2.360 x 106 529.8 5.195 x 103 I 
42.500 12.954 763.552 I 3.396 x 106 684.5 6.712 x 103 I 
1,969 600 SERJ,Wp-6O% 332.664 1.4.80 x lOS I 486.6 4.772 x loS 
1.969 600 304.548 1.355 x 106 445.5 4.368 x 103 
0 I) I FRJ 87.884"' .391X1~~ 438.5 4.301x1~ 1.969 600 195,560 .870 x 10 602.4 5.908 x 103 
2.953 900 263.964 1.174 x 106 701.3 6.876 x 103 
14,764 4.500 176,173 .784 x 106 718.1 7.045 x loS 
9.843 3.000 336,559 1.497 x 106 829.1 8.131 x 103 
29.528 9,000 437,582 1.946 x 106 1050.8 1.030 x 104 
39,370 12,000 I 297,003 1. 321 x ioS 1065.8 1.045 x 104 42.500 12,954 462.157 2.056 x 106 1162.6 1.140 x 104 
49.213 15.000 437,436 1.946 x 106 1195.5 I 1.172 x 104 
42,500 I 12.954 RJ' 417,738 1.858 x 10
6 3739.8 3.480 x 104 
49,213 15.000 480.135 2.136 x 106 3745.0 3.673 x 104 
GS,898 21.000 311,579 1.386 x 106 3705.3 3.635 x 104 
78.740 24.000 193.520 .861x 106 3690.1 3.619 x 104 
103.340 31.500 65,270 I .2110 x lOr. 2446.9 I 2.451 x 104 
Sub80nic Solutioa Rocket 2 295.012 1.312 x 106 410.9 4.029 x loS 
I IA,- Il,SSm 312,933 1.392 x 100 435. ~ 4.275" 10~ 
-aU,,81 ftl 310.865 1.383" 106 433.0 4.247 x 10 , 
Superaonlc SoluUoo I 1315.690 1.404 x 10
6 439.7 4.311 x 103 
! ~ 329,490 1.466 x 106 458.9 4.502 " 103 321,894 1.432 " 106 448.3 4.397 x loS 
PrlznalY Pr •• llte -10,S It 10: N/m: (14M p.ol); PrImary Flow Aroa Redlloed 50'" 
Primary Pre .. ure - 5.15 x 10 N/m (141 pal); Original Primary Flaw Area 
flAB· .434 
Capture Area 
AO ! 
ft I m~ I I 
I 
- - I 
91.84 8.532
1 45.59 4.235 46.33 4.304\ 
42.84 3.980 
43.76 4. 065 1 
44.09 
4.
096 1 43.94 4.082 
82.41 7.656 
45.59 4.235 
45.59 4.235 
-
4.
235
1 
45.59 
42.84 3.980 
43.76 4.065 
44.09 4.096 1 
61. 00 5.667 
63.08 5.860 
82.41 7.656 
93.80 8.714 
91.00 8.454 
124.50 11.566
1
, 
124.50 11.566 
124.50 11.566, 
124.50 11.566' 
OfF = 7.936 i 
= 5.25, 
= 3.50 
= 7.9361 
~ 5.25 
~ 3.50 
. 
__ A-'tltade 
M 
• n. • 
~U .. M"" 
0 0 8£lU-1"" Wp 
0.' 0 0 
0.' 1," 100 
0.' 11.'11 1,100 
1.0 2.'53 900 
1.0 14.714 .. 500 
1.3 ','~ 1.000 
1.' 1'.685 1,000 
2.6 42,500 12,954 
0.8- 1,'" 800 IlERJ-Wp-Sol 
0.' •• 1,'69 600 , 
0 0 0 FlU 
O.S 1.9G9 GOO . 
1.0 2.953 .00 
1., 1",714 •• 500 
1.' ,.au 1.000 
2.0 11.524 ',000 
2.0 ".370 12.000 
2.6 402.500 12,954 
3.0 "',Z13 15,000 
2.' 42,500 12,9$4 l 3.0 .... 213 15,000 5.0 68.89S 21,000 $.0 '1'1.740 24,000 1.0 103. 3~0 31.500 
-
llub50alc SolutlOll Itoc:ke& 
I "',- 12.51.1 
-242.12 ftl , 
Supersonic SoluU ... 
1 , 
TABLB IV 
ZNOINE NO. J/COMP<lNJI:HT PROPBLL\HT FIDfIltATB8 
AtRTUB.BOROCKBT EHGIHB/l. 3 FAN TorAL.PRB8SlIllB RATIO 
au Oeno",~",~ Prhnary A 
OJ H2 0 II 
~ 
lll{.cc: kclnc It>l.~ k-rf- Il>I"ec kcl_ IbI.ec kcl.~ !.f2~. Ibl.ec It .eo 
lSl.n 72.41 2.35 1.07 83'1 11" 111.11 T 3I.~ ''' • .is 31.01 IT'.IE 18.11' 1.l1li 1.15 73.12 '3.17 130.12 104.38 , .. 1.53 81.13 41.34 15'.7~ n."6 2.35 1.01 5'.77 1'7.11 2GB. 6~ 121.87 '.85 1.71 103.77 "7.07 1"2."~ 78.36 2.54 1.15 I 70.05 31.77 291.73 132.32 ".29 1.95 109.90 "'.85 2OZ.1 91.68 2.11 1.35 78.53 35.62 ZS4.4E 129.03 4.18 1.90 108.87 49.38 
230.1 104.39 1.38 1.53 ~1'.79 1 .... 80 "0.1'1' 11.12 91.12 41.33 
230.13 104.39 3 •• 1.53 '11.79 1 .... 80 "0.17 111.22 91.12 41.33 
103.70 "".25 2.40 1.09 - - - - 34.:;2 15.57 230.13 1~.39 3.38 1.53 
- - - -
91.13 41.34 
ZGB.G9 121.81 3.15 1.79 
- - - -
103.77 "7.07 
112.75 78.31 2.54 1.111 
- - - -
70.05 31.78 
291.72 132.32 ".11 1.15 - - - - 109.90 49.115 
300.7C 136."0 ".42 1.00 - - - - 111.30 50 .... 
201.09 91.21 1.15 1.340 
- - - -
74.14 U.85 
za ..... e 129.03 ".18 1.90 
- - - -
108.87 "9.37 
258.74 117.31 3.10 1.12 
- - - -
103.37 "6.90 
- -----", -. 
.. 
- - - - - - - -
117.70 53.311 
- - - - - - - -
1211.21 511.16 
- - - - - - - -
14.07 38.13 
- - - - - - - -
52.44 23.79 
- - - - - - - -
2G.07 lZ.10 
- - - -
81'1.51 Jas.n 110.31 38.44 
- -
- - -
-
'1'03.05 273.M 1 •• lIT 112.10 
- -
- - -
-
S58.38 253.28 51.114 72.37 
- -
- - - -
137.51 211'.21 10.31 36 .... 
- -
-
- -
-
803.05 273.5" 14.17 52.10 
- -
- - -
-
1158.38 253.28 59.54 72.37 
- -
~"ant n_ Rate. 
UZ "l 
IbI_ kl_ Ibl- k,/sec 
711." 301.1'1' 1$1.Z1 68.51 
1110. II!! 361.80 150.00 TO.TI 
867.71 393.51 17 •• 84 71.31 
'797.34 3Gl.67 142.45 64.61 
9OG.28 -Ul.OI IBB.05 8:;.30 
810.3" 367.51 152.92 69.36 
929.32 421.53 194.52 88.23 
839.12 380.89 161.83 73.41 
922.05 41B.24 193.38 87.72 
541.92 248.99 134.67 61.09 
54B.92 248.99 134.67 61.09 
163.70 74.23 3ft. i'2 1$. &6 
230.13 lM.39 94.51 42.fl7 
ZG8.69 121.18 107.72 48.86 
172.75 18.36 72.5' 32.93 
291.12 132.32 114.11 51.10 
300.70 llG.40 11$. n 52.411 
201.0~ 11.Z1 77.5' 35.11 
284.46 12'.03 113.05 51.27 
251.74 117.31 107.17 4!1.1l2 
- -
117.70 $3.39 
- -
1211.21 SC.16 
- -
84.07 3f1.13 
- -
52.44 23.79 
- -
ZG.G7 ll.U 
637.51 289.21 110.33 36.44 
603.05 Z73.54 114.17 52.10 
558.31 253.21 159.54 12.37 
637.5' 25'.21 10.33 36."4 
G03.05 '1273.54 11".117 52.10 
558.38 253.25 15'.54 72.37 
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TABLE V 
ENGINE NO.1 /WEIGHT STATEMENT 
AffiTURBOROCKET ENGINE/1.S FAN TOTAL PRESSURE RATIO 
Ene:ine Component 
Fan Assembly 
Fan Housing 
Primary Rockets 
Mixer / Afterburner 
Exit Nozzle 
Controls 
Total Engine Weight 
Inlet Weight 
Installed Engine Weight 
Thrust/Weight*E . 
nglOe = 
Weight 
ke: lb 
1,136 2,504 
1,560 3,440 
1,635 3,604 
2,527 5,570 
3,482 7,676 
276 608 
10,616 23,402 
6,777 14,940 
17,393 38,342 
17.3 
Thrust/Weight*Installed = 10. 6 
Engine 
*SERJ Operating Mode/Sea Level Static Conditions 
Fan (operational position) --___ 
Retracted fan housing 
Fan (stowed position) 
(actuation system not 
shown) 
3.912 m r (154 in.)~ I I 
~ j : 'U---' Ijq=L _ I_~.;: 2.743 m 
Sliding ring variable exit nozzle 
Controls package 
Aft stablizer 
Thrust mount mount 
. r I - I , (108 in.) / fTJ,~ '~ - ~"----+----'~hfWti 
i I 
(190 in.) 
4.826 m 
(Between £ aft 
mounting rollers) 
(138 in.) 
3.505 m 
(Between thrust 
mounts) 
1.600 ~~_. 
(63 in.) 
2.794 m 
f---r------(110 in.) 
3.683 m ---+---\----- 7.290 m 
(145 in.) 1.422 m (287 in.) 
(56 in.) 
1.473 m 
(58 in.) 
Figure 15.- Engine 1 outboard profile - airturborocket SERJ cycle. 
rS.R,V.E.N. (max. aft position) 
5.359 m DIA. 
(211 in.) 
1. 702 m 
(67 in.) 
3.40~--==~~~--r---~-=---~=;--~1---------------'--~-==-~-4~ 
(11.15 ft) I' ~:----:----t- _: +--~--I-+H+Ie---I-- --#--+-~-o;~ 
J __ : I 
T-
3.40 m 
(11.15 ft) 
I 
------~- --._-----_: 
1.70 m 
37. 00 m ( 5· 58 ft) 
(121. 4 ft )----------------------11 r- Exi t nozzle 
j 
Close-off i~let lip 
ramp inlet 
, I (max:. aft position) 
~l-I 
----""~' -\-+-
j 
NASA airturborocket engine 
1.3 fan pressure ratio 
Figure 16.- Engine 1 installation - airturborocket SERJ cycle. 
TABU: VI 
ENGINE 2. !PERFOR:\IANCE 
AmTURBOROCKET ENGINE/I. 8 FAN TOTAL PRESSUUE RATIO 
ClI.nture Area 
)( A1Utude Thrust t,n loA 0 ft m Opei'a~ Mode lbs Newtou lee. ~ewton-sec ft'" ;;i 
k 
I( 
0 SEIU-100o:;:. Wp G 3 0 0 40,1, .i.',6 1. ~ x lOr. 420.7 4.126 x 10
3 - -0.3 0 0 401.4iS 1.786 x lOr, no .• 4.025 IE lOa 71.26 6.620 0.8 1,969 (l00 4;2,lfhi :l.100 x 10,; 42!1.1 4.218 IE 103 35.37 3.266 0.8 11,811 3,fiOO 4l2,3!>2 1.834 IE lOG 432.9 4.223 IE 10
3 3S.91 3.336 1.0 2,953 900 I 523,731 2.330 IE lOG 445.5 4.370 x ~03 33.24 3.088 1.0 14,764 4,500 
t 
43~.~75 1.9;)1 IE lOG 447.7 4.391 x 10
3 33.89 3.148 1.3 9,843 3,000 578,070 2.571 x 106 474.3 4.651 x 103 34.21 3,118 1.3 19,085 6,000 490,231 2.181 x 10 473.3 '4.642 x 10 35.03, 3.254 
0.8 1,9';9 (l00 SERJ-30C;C Wp :;r.O, 152 1. (;02 " IOU 454.0 4.41>0 x 103 35.37 3.286 
0 0 0 FRJ IS2,9:11 . ~14 x 106 ~18.0 5. oal x 103 
- -0.3 0 0 152.i21 .313 x lOG 494.5 4. 78G x 103 11.26 6.620 0.8 11,811 3, ('.00 IS4, 5ti2' .821 x lOG 536.9 5.265 x 103 35.91 3.336 0.8 l,9G9 600 252,267 1.122 x lOG 515.9 5.059 IE io3 35.37 3.286 1.0 2,953 900 302,613 1.346 x lOG 533.& 5.235 x 103 33.24 3.088 1.0 14,764 4,500 207,9i3 .925 x lOG 5GO.8 5.499 x 103 33.89 3.148 1.3 9,843 3,000 34~ •• ill 1. 551 IE 106 ~71.5 S. 606 x 103 34.21 3.178 2.0 29,528 9,000 410.879 1.828 IE loG 647.3 6.349 IE 103 47.44 4.401 2.0 39.370 12,000 280.452 1.248 IE 106 663.4 6. 50s IE 103 49.%1 4.072 2.5 21,638 9,000 GSS,422 2.915 x 10(; G5S.2 6.454 IE 103 59.02 5.483 2.5 39,370 12,000 451,712 ~.OO9IE 106 6r.s. G 6.555 IE 103 61.57 5.720 2.5 49.213 1;;,000 262,450 , 1.256 x 10: 6(,9.1 6. 'l19 x 103 61.~7 5,720 2.6 42,500 12,954 421,940 1.877 IE 10 667.8 ~.5S0 IE 103 64.15 5,9S9 3.0 49,213 .15. 000 393,127 1. 758 lC 106 656.3 G.437 x 103 72.78 6.761 
2.6 142,500 i 12,954 RJ 3:;G,240 1. 5:1~ x 10 3i39.9 3. G69 x 104 77.GO 7.209 3.0 149,213 15,000 
j 
40~.276 I, 81G x lOG 374;.4 ~,G75 x 104 105.80 9.829 4.5 ~9, 213 115, 000 626,280 ,70fi x 106 3832.3 3.758 x 104 105.60 9.1i29 Gd,893 21,000 246,493 ~. 096 x 106 3li33.4 3.757 x 104 105.80 9.829 5.0 1ss,898 21,000 2;(;4,723 ~. 178 IE lOG 3705.2 3.6::.5 x 104 105.80 9.829 5.0 tTS,7.0 24,000 164, 4S0 .732 x 106 3690.1 ;1.620 x 104 105.80 9.829 8.0 ~.340 31,500 55,468 .247 IE 106 ~446. 9 .403 x 104 105. SO 9.8U 
-
I Subaomc SoIuUOCl Rocket(VacllWD) 248,96-& 1.107 IE 106 409.0 3.533 IE 103 OfF .7.936 I 1 264,121 '1,175 IE 10' 433.9 3.750 IE 103 -5,25 At - 19.59 m2 262,366 1,167 IE 106 431.0 3.725 IE 103 • 3.5 
5uper8ODlc SoluttOQ ·210.84 ftl 257,121 1.144 IE 106 422.4 3.6.'i1 IE 103 
-7.936 
t 276, 905 ~.232 IE 106 455.0 ~.932 IE 1a' - 5.25 257,730 ~.146 IE 10' 423.4 ~.658 IE 103 
- 3.60 
TABLE VlI 
ENGL\;E NO. 2/CO;\IPO)("El'T PROPELLANT FLO\\' RATES 
AIltTUHBOROcKET ENGINE!l 8 FAj\; TOTAL PRESSURE RATtO ~--~-----------·--~----------~::~~~~~~~~~~~::~~~::~::::~~::~~-----------r--------TT~"I;,II~n~O;w~r-~\'~I~~.~------"T·T 
M 
o n. m O;>craUn, Mode 
G:'IS Ct-f1crator 
Oz I 112 
-,',TsccTk/SCC Ib/sc. I 
l---+-----+-----+--------~ 
1
291.3111lz.lt 4.25 o 
0.3 
0.8 
0.' 
1.0 
1.0 
1.3 
1.3 
0.' 
o 
0.3 
o.a 
0.8 
1.0 
1.0 
1.3 
2.0 
2.0 
2.5 
2.S 
12.5 
"
2.6 
3.0 
o 0 
o 0 
1.9G9 GOO 
11.811 3. GOO 
2,953 900 
14.764 4.S00 
9. S43 3.000 
19. G~5 6.000 
1.969 
., 
9 
11.811 
1.9G9 
2.953 
1 .... 7S·1 
',~3 
29.528 
39.370 
29.525 
39.370 
0.213 
'2.500 
49.213 
GOO 
o 
o 
3.&00 
GOO 
900 
4.500 
3.00G 
9,000 
l2.oo.Q. 
0.000 
12.000 
15.000 
12.954 
15.000 
:0'>.56 13;;.GO 4.4~ 
40G.36 I~~.:C 5.91 
2Q4. Gj 12~.lJ 4.1.9: 
472.-16 21-1.31 G.!,! 
301.55 1139.51 I 4.52 
,>(19.80 1 231.Z5 7.49 
3$,).6';' lG1.33 5.23 
40G.3G 184.32 
291. 31 132. H 
30:;. 55 1l'!. GO 
284.61' 1:9.12 
",OG.36 18<1.32 
472.46 214.30 
301. 54 13G. 18 
509. SO 231. 24 
532. GO 2-11.58 
ll4.14 160.64 
83G.5G 379.46 
561.19 257.55 
354.46 160.78 
531.16 I 2'0.93 
506. U Z29. 71 
5.91 
4.28 
4.49 
4.13 
5.97 
G.94 
4.52 
7.49 
7.82 
5.20 
12.29 
8.34 
6.Z1. 
7.80 
, ..... 
1. 94 540 . .60 
2.M 
2.11 
I. 90 
3.15 
2. Q:; 
3.40 
2.37 
Pri >:In' 
11, 
T II 
2.71 270.30 122. 61 
I.U 
2.03 
1.90 
%.11 
3.15 
2.OS 
3.40 
3.55 
Z.3& 
5.51 
3.78 
2.3& 
3.54 
3.:18 
Aftcrbur""r C. 
11z.-,-- _tWa..: I 'to/_ IbI."" kc'oec . 
57.5;1 26.12 631.91 377.35 
59.47 2G.!IS 846.1G ·3S3.81 
76.6G 34.77 9';G.96 429.54 
59.94 2 •• 19 325.27 374.34 
87.42 39.6& 1,013.06 459;$41 
58.78 26. 67 S~S. IS 3S4.7Z 
92. roS <'2.04 1.050.40 476.4' 
6G.13 30.00 896.27 406.54 
76.6G 
57.57 
59.47 
54.94 
7&.'60 
81.42 
S8.7S 
IZ.GS 
94.3G 
63.:18 
146.96 
... ., 
82.11 
92.~ 
88.19 
34.17 
%6.11 
Z6.98 
24.92 
".77 
39.65 
ZG.G6 
42.04 
42. SO 
21.15 
G6.66 
45.13 
28.18 
42.11 
40.00 
611.66 30&.93 
291.31 132.14 
305.55 138. GO 
284.67 12'.12 
406.36 184.32 
4n.46 214.31 
307.54 139.50 
$OlI.ao 231.24 
532.60 zn.5& 
354.14 160." 
136.56 378.4$ 
... 5~7~nI257.$5 
354.46 162.14 
531.16 leO. 83 
106.43 221.71 
tw-T v-.I 
129.17 55.95 
132.07 59.91 
150.74 Ga. 27 
132.24 59. !IS 
162.47 73.70 
131.41 I 59.51 
IG~. 28 .6.33 
139.41 63.26 
116.6' 
61.85 
63.96 
st.1Z 
8Z.63 
94.36 
63.30 
100.17 
102.19 
&S.5' 
15'.25 
107.83 
67.3% 
100.65 
95.63 
52.93 
21.05 
29.01 
26.51 
37.0 
42.80 
ZI.n 
45. fool 
4G.35 
31:11 
72.23 
4S.11 
30.54 
45.6S 
43.3. 
%., 42.500 12M 954. lIJ - - - - - - - - 95.25 53.20 _ _ 95. 25 1 U.ZO 
3.' 411,213 15.000 - - - - - - - - 108.115 49.42 _ _ 108.95 49.42 
~ ••• ,' 4t.Z13 15.000 = = = :: = = = 163.42 14.13 _:- 163.42 '24, •• 113, 
• Y.I98 21.000 GO. 30 29.17 - 64'':;31 
I. ~ Y.898 21. 000 I - - - - - - - - 71.4S 32.41 : _ 71. n 32. U 
5.~ I 78.740 2 •• 000 - - - - - - - - 44.57 20.22 _ _ 44.51 20.22 
~.~.O~~I_~_._3_40~ __ 3~1._5_00 __ ~I~----~L-----_4------~------\------r-_-__ -t~-~~~~-~~_t--~~~-~=_~2~2.~~~~1~0.~2~8--~~~-~~~-~~4.-=Z:z.~~~~~1~0.~2;1~4 
SubaOnj SoI~IOD ~~[:~t 1 _____ +-__ ---1f-__ _I------~t_-:-ll!-:-:_I~-~.-!-+-:_II_~-7-: 21_!~+-:_~_: !_: + __ : __ + ___ :____ -t-.:r.:.;3.:.:~::..~.:.:.j...::-~...::-~.:.:~....;:1.:.:.:.::.:.~.:.~..,I......;:~.:.:::.:.L..;,:_I 
1 
~&O~u 
!s1l.3:I pal. 93 
1'73.44 1214,.15 
Ga.ll 30.89 
17.39 44.11 
l3s. 27 61.31 
540.60 145.21 
511. 32 231. la 
473.4(, 214. 71 
61.11 
17.38 
W.Z, 
20.11 
44.11 
'loU 
TABLE vm 
ENGINE NO.2 /WEIGHT STATEMENT 
AffiTURBOROCKET ENGINE/I. 8 FAN TOTAL PRESSURE RATIO 
Weight 
Engine Component kIT lb 
Fan Assembly 2,272 5,008 
Fan Housing 1,326 2,924 
Primary Rockets 1,549 3,414 
Mixer / Afterburner 2,255 4,972 
Exit Nozzle 2,960 6,525 
Controls 276 608 
Total Engine Weight 10,638 23,451 
Inlet Weight 5,759 12,696 
Installed Engine Weight 16,397 36,147 
Thrust/Weight*E gi 
n ne 
= 17.3 
Thrust/Weight*Installed = 11. 2 
Engine 
*SERJ Operating Mode/Sea Level Static Conditions 
35 
Sliding ring variable exit nozzle 
Fan (stowed position) 
(actuation system 
not shown) 
r 3.378 m . (133 in. )1 
--~ 
I : 2 69
1
1 1,-,--
-Fan (operating 
1>~s:i.tion) 
Thrust mount 
'-'---t"---±-S . m I '~]~Wl~ \(106rr~~~--------\~if--
-+-_a__-vl-t- -~~ ~;"'--I~lt-t-I - - +-+t""'H'l1-*rm 
I (120 in.) 
L3.048 m 
(Between thrust 
1.422 J 
(56 in.) 
2.743 m ~ 
(108 in.) 
S.R.V.E.N. 
(max. aft position) 
. \ 5.105 m DIA. 
I~ --;. (201 in.) 
1--ttt-41~-r+ *~~====~- -j-
v--
1/ 
mounts) 
~--(175 in.) ----I 
4.445 m 
2.996 m -1---1---- 6.906 m ------l---r---I---,---i 
(118 in.) 1.32 m (272 in.) 
(Between t aft mounting rollers) (52 in.) 
1.473 m 
(58 in.) 
Figure 17.- Engine 2 outbouard profiles - airturborocket SERJ cycle. 
1. 524 m 
(60 in.) 
I 
2.8 
(9.4 
9 m 
9 tt) 
I 
= =-
I 
I 
I I I 
=-
.. 
.. 
--
I 
I ~ : T .~ . I I I .' ""' 
-
I r 
_ . / II I I T JI I . -4 . i I 
''-~ 
1.52 m 
34.35 m (5.0 ft) 
1----------------(112.7 ft)-------------C-t"--d---.-t-.-)·".l r-:::. n:::l;osition) 
s owe pos~ ~Dn 
i ~ I 
I ~~~~~7fu~~~-==~~ !~\.I 
3.40 m ---~-...// ---':,~~?-. ---. t:r 
(11.15 ft) ~/ 
I 
inlet lip 
Variable ramp inlet 
NASA airturborocket engine 
1.8 fan pressure ratio 
Figure 18.- Engine 2 installation - airturborocket SERJ cycle. 
TABLE IX 
ENGINE NO. 3/PERFORMANCE 
AIT!TURBOROCKET ENGINE/I. 8 FAN TOTAL PRESSURE RATIO 
,- - _.- .. - -- .--. 
- - -- .. 
_ ..... .•.. . . - - _ . , .... _---- ...•. -. -.-- .-
AllItudc ThrUllt IBI> M Operatinc Mode Ibs' N('wtonl' IIeC • ~~\\'lun-Rl'C 0 et. m 
II: 
C 
0 0 0 SERJ-l00'{, Wp 404, G56 1.8 lC lOG 420.7 4.126 x 103 
0.3 0 0 I 401,475 1. j8G x 106 ·nO.4 4.025 x 103 0.8 1,969 600 472,lIlS 2.100 lC loG 429.7 4.U8 x 103 
0.8 11,811 3,600 • 412,31;2 1. 834 x 10': 4:12.9 4.223 x 103 
1.0 2.953 900 I 523.131 2.330 x 106 445.5 4.310 x 103 
1.0 14,764 4,500 
J 
43U.575 1. 951 x 106 447.1 4.391 x 103 
1.3 9,843 3,GOO 518,010 2.571.x lOG 474.3 4.651 x 103 
1.3 19.685 6.000 490,2:n 2.181 x loG 473.3 4.642 x 103 
0.8 1,969 GOO SERJ-6"" Wp 3GO, H;2 1.602 x 106 454.0 4.480 x 103 
0 l) 0 FRJ 162,9:11 .814xIOG 518.0 5.081 x 103 
0.3 0 a I 182,721 .813 x 10~ 494.5 4.786 x 103 
0.8 11,811 3,600 184,582 .821 x 10 536.' 5.265 x 103 
... 
0.8 I. 969 GOO 252,2G1 1.122 x lOG 515.' 5.059 x 103 
1.0 2.953 000 302,613 1.346 x lOG . 533.8 5.235 x 103 
1.0 14,761 4,500 207,973 .925 x 106 560.8 5.499 x 103 
1.3 9,843 3,000 348,611 1.551 x 106 '571.5 5. 606 x 103 
2.0 29,528 9,000 410,879 1.828 x lOG 641.3. 8.349 x 103 
2.0 39.370 12.000._ 
... 
---
.. 
280,452 1.248 x lOG 8G3.4 6.508 x 103 
2.5 29.52:, 9.000 
-I 
655.422 2.915 x lOG 658.2 8.454 x 103 
2.5 39.370 12.000 
----
- .. 
451,712 2.009 x loG 668.6 6.555 x 103 h.5 49,213 15.000 282,480 1.256 x 106 669.7 6.519 x 103 
2.6 42.500 12.954 , 421,940 1. ~77 " 10'i 667.8 6.560 x 103 
3.0 49,213 15.000 395,127 1. 758 x 106 656.3 6.437 x 103 
2.0 29,528 9,nOO i 167,047 7.431 x 105 ~240.9 3.178 x 104 2.0 39.370 12.000 109.418 4. S67 x 105 3282.1 3.219 x 104 2.5 29.[>28 9,000 335,566 1.493 x 106 13618.2 3.549 x 104 2.5 39.370 12,000 220,181 9.794 x 10~ 3670.5 3.599 x 104 2.5 49.213 15,000 138,104 6.143 x 10" 1a673.9 3.603 x 104 
3.0 49,213 15,000 
1 
234,444 1.043 " lOG !as45.4 3.771 x 104 
4.S 49,213 15.000 G2!\.921 2.775" 106 PSl7.8 3.743" 104 
4.5 G8,898 21,000 245,559 1. 092 x lOll 3818.9 3.744 x 104 
-
Subeonlc Solutloa Rocket (Vacuum) 248, !1G4 1.107 x loG 409.0 3.533 x 103 
1 It. - 19.59 m2 264,121 1.175 x 106 433.9 3.750" 103 9 210.84 ft2 262,356 1.167 x 106 431. 0 3.725 x 103 
5upereonlcSolutioQ I 257,121 1.144 x 106 422.4 3.651 x 103 
J 1 276,965 1.232 " 106 455.0 3,932 x 103 257,730 1.146 x 106 423.4 3.658 ~ 103 
Capture Arc:1 
An 
f12 m 2 
- -
71.26 6.620 
35.31 3.286 
35.91 3.336 
33.24 3.01>8 
33.89 3.1~ 
34.21 3.178 
35.03 3.254 
35.37 3.286 
- -
71.26 6.620 
35.91 3.336 
35.37 3.286 
33.24 3.088 
33.89 3.148 
34.21 3.178 
41.44 4.401 
49.21 4.572 
59.03 5.483 
61.57 5.120 
. 
61.57 5.720 
64.15 5.959 
72.78 6.761 
30.43 2.827 
30.43 2.827 
43.80 4.069 
43.80 4.069 
43.80 4.069 
59.aO 5.600 
105.80 9.829 
105.80 9,82e 
O/F -7.938 
• 6.25 
-3.5 
" 7.936 
- 5.26 
-a.60 
TABLE X 
ENGINE NO. ;J/COMl'ON&NT PltOl'EL~NT .'LO\\' RATSII 
,\tRTURBOROCKBT ENGIHE/l.' F.\JoI TOTAL rRE~I\E. RATIO 
T i1_..J!,' 
A~ ltud. ___ .J1!!!'~r:tlor .f>rIl lr:L ArtcrhurM!r t!o.. H. N OperatiIIC Uode 
°1 liZ ~ ~ liz nt/_ Ik/Me lbl'MC I v-" n. III Ib/a,-c k/_ :=I¥ii(;t78eC Ibla"" kL- I"' ..... ~~_ Ib/..,., V-
a 1\ 0 1E1U-10ll W, ~91.:U 1::2.14 4.2ll 1.94 
T 
US 21 •• 11 30." 51.57 Zr..12 831.'1 377.35 121.17 :11.15 
'.3 '. 
0 
. :o.'i.S6 135.60 ~.4' 2.M 
1 
51.41 21.M 146.16 :183." 131.07 5'.'1 0 .• 1.1Ot &00 ~06.3G 18~.31 5. IT 2.71 11.60 34.77 94G.!lG 429.54 150.74 51.37 
0.' 1l.ln 3.600 ~'~.G7 11'.13 4.n 1." 5'. 1M 27.11 iZ5.27 374.34 131.24 5 •.• 
1.0 l.tS3 '00 ~iZ .• ti ~1~.31 6.M 3.15 17.42 39.68 1.013.06 45'.51 162.41 7170 
1.0 14.164 4.500 307.55 139.51 4.51 2.05 58.7A 2G.67 UI.IS 3&4.71 131.41 59.61 
1.3 •• 1.3 2.000 f1()IJ.IIO %31.25 7 .• 9 3.40 9Z.C!! 42.040 1.050.40 476.4' 168.21 76. 33 
1.3 11.685 1.000 355.67 161.33 s.n 2.37 '6.13 30.00 "'.27 401.54 139.47 63.2' 
0.' 1.16' 600 1E1II ..... 406.38 164.31 I.'T 2.71 att. •• ".Il M._ 11.61. T6.68 34.77 671.'. 301 •• 11 •.• II .• 
FlU 
--t-. 
- - - - .'1.11 131.14 11.15 II .• 0 
" 
0 291.31 13%.14 4.n 1.14 '7.57 11.11 
0.' 0 a 3Oii. $5 138.60 4.4' 1.01 - - - - 59.47 26 .• 305.$5 138.60 G.N It_II A.' 11.'U '.&00 2W.67 12'.12 4.18 1.N 
- - - - 54.14 1( .• 214.67 121.12 5'.lZ 16.82 (06.31 114.31 I. IT I.n - - - - --0 .• 1.1161 100 71.66 :M.7f 406.36 114.31 a.1lI 37 .• 471.46 214.30 .. 14 3.15 - - - - STU 3'.65 114.n 141.31 a. .. 1.0 1.953 too 412." 
1'.714 4.500 301.54 136.71 '.12 I .• - - - - 58.71 21.61 307." 131.11 a .• lI.n 1.0 HI.'. 131." f .• ' 1,41 - - - - a .• C.M 100. IT 41.44 1.' I,MJ 1.000 501.10 131.24 131." 241." T •• 1.11 .- - - . -1.0 1'.S2I '.000 14.31 41." 532.11 241 •• ICIII.l' .... 
U ..... 1M. 14 1".14 •• lIt I.M - - - - 63.31 1I.f. :aM. 1 • 160.14 •• 11 ",U Z •• •• 370 . ..... lITt.41 11.11 Lif - - - - 141 .• 61.. 1.5 lit. 516 '.001 ue: .. ITt." 15'.1$ 72.21 lIf.n .f.1I 1.14 1.71 
- - - - ..... .5.11 1.5 •• 370 12._ 
, 3M.48 1".71 '.11 I.M - - - . - -'''''''1 157 ... 107." ., •• 1 h .• 4'.213 1&.000 11.11 11.11 354.48 1 •• 14 17.31 .0.54 m.11 241. a T." 1.1. - - . - - II.M "2.11 2.' 41.500 12.3$4 
, Hl.43 lII.n , .... I .• 
- - - - II." 40.00 131.16 140.13 100.65 .5.15 3.0 ".213 15.000 iGI.O IIt.n IS. II 43.31 . 
2.0 11.51' '.-
J 
- - - - - - - - il.54 23.31 
- -
il.M U.3I 2.0 39.370 11._ 
- - - - -
.-
- -
33.34 15.11 
- -
33.14 15.11 
2.1i 21.511 ,.Goo 
- - - - - - - - 12.75 C.07 
- -
11.75 41-17 
2.1i ".370 lZ._ 
- - - - - - - -
'61.11 lIT. 21 
- - II." 11.11 I .. ' ".213 15.000 - - - - - - - - at." 11 •• - - Jr." 17.05 
". 41,213 15,- - - - - - - - - ".17 17." 
- -
&0.17 11.&1 
••• ".113 15._ - - - - - - - - 113.41 ,.,11 - - 111.41 '4.13 4.' ..... 21._ 
- - - - - - - - a.ao ... 71 -
-
A.30 I'.n 
-
......... IcW ..... Bodaet tv-..,I - - - - fito ... ~45.Zl 51.11 30." - - 540.60 245.21 .. 18.11 - . 30:" 
J IA.- 19.59 III I - - - - 1511• 31 1231•13 17 .• 44.1' - - 111.31 131.93 17 •• 44.11 no. .. ~ - - - - ~73.4. 121 •• 75 135.17 11.31 - - 473.44 II.,,, 135.11 61.M 
,w_1 I I - - - - p40 ... iZt'-1l ".11 30." - - MO." 14li..11 .. 11 .. II - - - - ~n.31 jul. a 17 •• 44.11 - - in. 31 al.a 17 •• 44.11 - - . - - 1'13.44 121 •• ,. 111.37 Il." - - 411.44 21.,.,. US.lIT Il.M, 
40 
TABLE XI 
ENGINE NO.3 /WEIGHT STATEMENT 
AffiTURBOROCKET ENGINE/1.S FAN TOTAL PRESSURE RATIO 
Weight 
Engine Component k lb g 
Fan Assembly 2,272 5.008 
Fan Housing 565 1,246 
Primary Rockets 1,549 3,414 
Mixer / Afterburner 2,255 4,972 
Exit Nozzle 2,960 6,525 
Controls 276 608 
Total Engine Weight 9,877 21,773 
Inlet Weight 5,759 12,696 
Installed Engine Weight 15,636 34,469 
Thrust/Weight*E gi 
n ne 
= 18.6 
Thrust/Weight*Installed = 11.7 
Engine 
*SERJ Operating Mode/Sea Level Static Conditions 
(Between thrust 
mounts) 
Cl75 in. }---l 
4.445 m 
(Between £ aft mounting rollers) 
Sliding ring bariable exit nozzle 
Controls package 
~..--.l-_2. 743 m J 
(108 in.) 
Af't stablizer 
mount 
Exit nozzle 
bell 
S.R.V.E.N. 
(max.af't position) 
6.906 m (272 in. } ____ -+---r_~_.__---J 
1.320 m 1.473 m 1.524 m 
(52 in.) (58 in.) (60 in.) 
Figure 19.- Engine 3 outboard prof'ile - airburborocket SERJ cycle. 
~·~~~~~~~I!========~==~h·'I~~~:L· ~,~~ 
(~:~~ ';,,) __ ~~=====~~:::;;_===_::--=,_.,....l-. .. __ -----'_[-'--.1 ~_-~ ________ ~=.'" =-- ~'T===I:; =,","~_rj;J:tV 
I~~~;;::::-J 
3.40 m 
(1l.15 rt) 
34.35 m 
(112.7 ft) 
Variable ramp inlet 
inlet lip 
1.52 m 
(5.0 ft) 
I 
r--Exit nozzle 
. (max aft position) --~~ . 
NASA airturborocket engine 
1.8 fain pressure ratio 
Figure 20.- Engine 3 installation - airturborocket SERJ cycle. 
II Altitude 
0 
rt :ID 
0 0 0 
.3 0 0 
.8 1,969 600 
.8 11,811 3,600 
1.0 14,764 4,500 
1.3 9,843 3,000 
1.3 19.685 6,000 
2.0 ~9. 528 9,000 
0 0 0 
.8 1,969 GOO 
.8 1,811 3,600 
1.0 14,764 4,500 
1.3 9,843 3,000 
1.3 ~t,685 6,000 
2.0 29.528 .9,000 
2.0 39,370 12,000 
3.0 49;212 15,000 
3.0 19,212 15,000 
4.5 ~9.213 15,000 
4.5 ;S.898 21.000 
(.5 ~9,213 15.000 
Su,.,.,1c 8olutlOD 
! T&i-
TABLE XU 
ENGINE NO. 4/PERFOnMANCE 
AIRTURBCEOCKET ENGINE/I. 8 FAN TOTAL PRESSURE RATIO 
Tbrust IsD 
Operat1Dcliode Ibll NewtoDS 8ee. Newton-Bee 
-- kl[ 
SEW -l~Wp 6 3 873,647 3.886 xl06 364.9 3.578 d03 864.376 3.844 xl06 357.8 3.509 X103 960,611 4.273 x106 379.5 3.722 x103 887.748 3.948 x106 373.3 3.661 x103 925.338 4.116 x106 384.5 3.771 ",103 1,090,278 4.849 X106 409. 9 4. OZO xl03 997,192 4.435 d06 404.8 3.970"10 1,240.539 5. fil8 x10 460.6 4.517 xl03 
FRJ 6 . 3 197,844 0.880"xl06 517.9 5.0'18 xlO3 290,892 1.293 xl0 . 560.1 5.492 xl0 
'H2,OM 0.943 doG 577.4 5.662 dol 
140,573 1.070 doG 609.3 5.975 x101 
419,087 1.~64 xl~ 645.4 6.329 x103 300,230 1.335 xl06 664.2 6.513 x.lOS 520,653 2.315 xl06 763.7 7.489xl03 349.286 1.553 xl06 777.9 7.628 xl03 567,103 2.522 xl0 768.3 7.534xlO 
T 
243,323 6 4 1.1)82 xl0G 3986.6 3.910 xl04 642.308 2.857 x106 3983.6 3.907 xl04 249,507 1.109 x10 3971.8 3.895 dO 
ERJ 1,410.909 6.276 xl06 649.3 6.367 xl03 
Rocket (Vacuum) 6 . 3 820,721 3.651 x106 (08.0 4.001 xl03 A .. 19.59 m2 402.2 
9 210.84 ft2 
809,053 3.599 d06 3.944 x103 745,488 3.31G xl0 370.6 3.634 x10 
I 884.487 6 3 3.934 xl06 439.7 4.312 xl03 905,609 4.OZ8 dO 450:2 4.415 xl0 876,642 3.899 xl06 435.8 4.2'14 xlo' 
CIlDture Area 
&.. 
f~ m 2 
- -
70.15 6.517 
34.95 3.247 
35.53 3.301 
33.51 3.113 
33.88 3.148 
34.54: 3.209 
46.93 4.360 
- -
34.95 3.247 
-
35.53 3.301 
33.51 3.113 
33.88 3.148 
34.64 3.209 
46.93 4.360 
48.38 4.495 
74.36 6.908 
59.26 5.505 
104.37 9.696 
104.37 9.696 
104.37 9.696 
OfF = 7.936 
.. 5.25 
= 3.50 
- '1.936 
.. 5.25 
.. 3.50 
II Altitude q,eraUDg Mode 
0 It III 
0 0 0 SERJ-I00't Wp 
.3 0 (I 
.8 1,969 600 
.8 11,811 3,600 
1.0 14,7640 4,500 
1.3 9,843 3,000 
1.3 19,685 6,000 
2.0 28,528 9,000 
0 0 0 FRJ 
.8 1,969 600 
.8 11,811 3,600 
1.0 14,,764 4,500 
1.3 9,843 3.000 
1.3 19.685 6,000 
2.0 29.528 9,000 
2.0 39,310 12,000 
3.0 49,212 15,000 
3.0 49,212 15,000 RJ 
4.5 49,213 15,000 ~ 4.5 68,898 21,000 
4.5 49,213 15,000 ERJ 
&I"-on1c 8olutioa IIocbt (V&CI.I"'1) A,- 19,59 m 
210.84 ftZ 
I . -..... _ic 801uUoa 
TABLE XIII 
.• :)I(CINE NO, 4/COMPONENT PROPELLANT FLOW RATES 
AIRTUROOIlOCKET ENC/NE/l. 8 FAN TOTAL t>RE&'WRE nATIO 
Cas Ceneralor Primary -A~urn"r 
I 1/2 01 ---H2 /I., f-._92. 
lb/sec "lsec lb/scc k/MO Ib/aec k/sec , lb/aec I' k/acc Ib/sec kg'sec. 
295.27 133.93 4.50 2.04 1786.46 810.32 225.11 ' 102.11 82. G3 37.48 
312.57 lU. 7~ 4.7(j 2.16 87.M 39.48 
403.29 IS 2. 93 G.U 2.79 109.95 49.81 
2~3.51 128.60 4.32 1. 96 78.74 35.72 
306.11 13M.85 4. tl6 2.11 84.09 38.14 
505.84 229.44 7.70 3.49 134.06 61.08 
3;;1.69 1;;9.52 5.36 2.43 95. OCI 43.09 
i534.82 242,59 8.15 3.70 138.83 62.97 
294.92 133.77 4.49 2.04 
- - - -
82.58 37.46 
403.29 182.93 6.14 2.7. 
- - - -
109.95 49.87 
284.21 128.92 4.33 1.96 
- - - -
78.82 35.75 
306.10 138.84 4.66 2.11 
- - - -
84. O! 38.14 
506.83 229.89 7.72 3.50 ) 
- - - -
134.77 61.13 
351.67 159.51 5.36 2.43 - .. - - 94.9! 43.09 
534.79 242.58 8.15 3.70 
- - - -
138.82 62.97 
351.49 159.43 5.3S 2.43 
- - - -
92.U ·41.80 
587.54 266.50 8.95 4.06 -
-: - - 141.68 64.26 
- - - - - - - -
61.00! 27.69 
- - - -
I 
I - - - - 161.2~ 73.14 
- - - - - - - -
62.81 28.49 
- - - -
1786.4( 810.3 225.11 102.11 161. 2~ 13.14 
- - - -
178G.4( 810.3 225.11 102.11 
- -
- - - -
1689.74 766.4 32,1.85 145.99 
- -
- - - -
1564.5 709.6 447.02 202.76 
- -
- - - -
nl9.To 810'3 225• 11 102.11 - I -- - - - 168'.7 766. 321,85 145.99 - -1564.5 109. 447.02 202.76 - -
Totsl Prollellant 
0. H 
lb/sec k lace , lb/sec kg'aec 
081. 73 944.25 :l12.24 141.G3 
~099. 03 952.10 31G.91 143.15 
189;75 993.25 341.20 154.11 
069.97 938.92 308.17 294.56 
092.57 949.17 3U.aG 188.31 
:z,292,30 1039.76 367.47 166. 68 
13<>.15 969.84 325.47 141.63 
~321.28 1052.91 233.26 105.81 
294.92 133.77 87.07 39.50 
403.29 182.93 116.09 52.6& 
284.21 128.92 83.15 37.71 
306.10 138.84 88.75 40.25 
506.83 229,89 142.49 64.~ 
351.67 159.51 100.35 45.52 
534.79 242.58 146.97 66.67 
351.49 159.43 97.50 44.23 
587.54 266.50 150. G3 . 68.32 
- -
61.04 27.69 
- -
161.24 73.14 
- -
62.82 28.49 
1486.46 810.32 386. 3< 175.25 
1786.46 810.32 225.11 102.11 
1689,13 166.44 321.8f 145.99 
1564.55 709.67 447.0.; 202.16 
1186.46 810.33 aJ5.~ 103.11 168'.73 766.44 331.8 145." 
!liM. 55 709.17 447. 202.71 
TABLE XIV 
ENGINE NO.4 /WEIGHT STATEMENT 
AffiTURBOROCKET ENGINE/L8 FAN TOTAL PRESSURE RATIO 
Weight 
Engine Component k Ib g 
Fan Assembly 2,272 5,008 
Fan Housing 565 1,246 
Primary Rockets 3,737 8,239 
Mixer / Afterburner 2,681 5,911 
Exit Nozzle 2,960 6,525 
Controls 276 608 
Total Engine Weight 12,491 2-7,537 
Inlet Weight 5,681 12,524 
Installed Engine Weight 18,172 40,061 
Thrust/Weight*E . 31. 7 
ngme 
Thrust/Weight*Installed = 21. 8 
Engine 
* ERJ Operating Mode/Sea Level Static Conditions 
45 
. -
--~-
r Fan 
\ 
3.175 m'\ 
DIA • 
(125 in.) 
! 
I _ 
2.718 m 
/
- S.R. V .E.N. 
(max. aft position) 
D IA • -t-#--'-+I-IH-HIffi++H-ttt 
(i01 in.) 
l 
3.988 m~ I >---r--\ --(151 in.) 
8.153 m ____ --1-i_-r-___ ---.--'-
--\-L----(321 in.) . I l 
1.320 m 1.412 m -1 1.524 m 
(52 in.) (58 in.) (60 in.) 
Figure 21.- Engine 4 outboard profile - airturborocket SERJ cycle. 
Variable ramp inlet 
· ---- ._----
1.52 m 
35.43 m (5.0 ft) 
(116.25 ft)------------------------------------~ EYit nozzle 
Close-off inlet lip 
NASA airturborocket engine 
Eng. #7 shown 
(for eng. #4 & 5 see note) 
(max. aft position) 
This dim. is 2.489 m (9.80 ft) 
for eng. #5 only. 
2. Total installation length for 
eng. #4, #5 & #7 are the same 
1. For minor variations in engine 
mounting, see Figure 21 (eng. #4) 
and Figure 23 (eng.#5) 
Notes: 
Figure 22.- Engine 4, 5 and 7 installation. Airturborocket SERJ /ejector ramjet cycles. 
I 
M Altitude 
0 {t Operating Mode m 
EHJ-I00% Wp 0 0 0 
.3 0 0 f 
.8 1,969 600 
.8 11,811 3,600 
1.0 14,764 4,50{l 
1.3 9,843 3,000 
1.3 19,685 6,000 
2.0 29,528 9,000 
2.0 39,370 12,000 
3.0 49,213 15,000 
4.5 49,213 15,000 
3.0 49,213 15,000 RJ 
4.5 49,213 15,000 
1. 
4.5 68,898 21,OO{l 
8.0 103,340 31,500 
Subsonic Solution Rocket (Vacuum) 
A = 19.59 m2 
9 210.84 ft2 
SuperaoDic Soi.utioD 1 
TABLE XV 
ENGINE NO.5 /PERFORMANCE 
EJECTOH HAMJET ENGINE 
Thrust 
Ibs Newtons sec. 
6 776,539 3.454 x10c. 375.2 
770,187 3.426 xi06 371.6 772,620 3.437 xl0G 372.3 808,994 3.599x106 391.4 840,120 3.737 xl0G 405.7 880,728 3.917 x106 421. a 903,427 4.018 x106 434.5 1,030,795 4.585 xl06 491. a 990,652 4.407 xiOG 47U.3 1,126,056 5.009'xl06 531.5 1,354,301 6.024 x10 623.5 
6 412,597 1.835 xlOG 3838.4 644,434 2.867 xl06 399G.7 250,307 1.113 x10 3984.6 
69,707 0.113 x106 al54.7 
747,087 3.323 xl06 371.5 810,835 3.607 xl06 403.2 8,24,309 3.667 x10 409.9 
882,226 6 3.924 xl06 438.7 
910,179 4.049 x10a 452.6 891,879 3.967 xl0 443.5 
Capture Area 
lsp An 
Newton-sec ft~ m 2 
~ 
a 3.679 xl0a - -3.644 xl03 82.75 7.688 3.651 x103 34.40 3.196 3.838 x103 42.08 3.909 3.978 xl03 40.04 3.720 4.132 x10
a 
34.32 3.188 
4.2G1 x-l03 41.92 3.894 4.818 xl03 51.33 4.769 4.671 xl03 62.53 5.809 5.212 x103 104.37 9.696 6.114 x10 104.37 9.696 
4 104.37 3.764 xl04 9.696 3.919 x.l04 104.37 9.696 
a. 908 xl0 104.87 9.696 
3.0£4 xl04 104.37 9.696 
3.643 xl0; OfF = .936 
3.954 x103 = 5.25 4. moxlO .. a.50 
3 4.3!la x103 .. 7. 936 4.438 X103 .. 5.25' 4.349xl0 ·3.50 
TABLE XVI 
F.NOINF. NO. r./COMPONENT PllorELLANT FLOW RATEII 
Ga. Generator Prlmarv After Burner Toeal PrOPellant I 
Altitude ~rat1A( lIode e H~ en 
---H2 __ 
---1l2 0 H I M ft III/aec k laee Ib/.eo k/aec III/Ho ",laee l"/sec k/sec lb/ue k/"ec "/Me "ieee , 0 1ft Ib/seo Ib/sec I: 
o : 0 0 ~RJ-lOO1 Wp - - - - 1785.95 810.09 225.05 i02.08 58.64 26.60 1785.95 810.09 283.69 128.68 
.3 0 0 
I - - - - I I I 
61.82 28.04 I 286.97 130.12 
.8 1.969 600 - - - - I 64.24 29.14 I I 289.29 l:h.22 I .8 11.811 3,600 - - - - 56.06 25.43 I 281.11 127.51 i 1. 0; 14,764 4.500 
1 
- - - -
59.96 27.20 285.01 129.28 I 
1.3: 9.843 3,000 - - - -
I i 79.64 36.12 I I 304.69 138.20 1.3 19,685 6.000 - - - - I ! 68.02 30.85 293;07 132. 93 1 2.0: 29.528 9,000 I - - - - I: , 87.04 39.48 ! I 312.09 141.56 Z. O~ 39.370 12,000 - - - - j 68.,18 31.20 293.83 133.28 I 3.0 fo9,213 15,000 
L 
- - - -
, ., 
107.409 fo8.76 i 332.5-1 150.8fo I 1 ! I 4.5' 49,213 15,000 
-
. ., 161.2fo 13.14 
, 
386,29 175.22 
- - -
, 
" 
r 
" 
I 
3. o· 49,213 15,000 RJ' - - - - - - - - 107.fo9 48.16 107.49 48.76 1 
4.5 ".213 15,000 
, 
- - - -
- - - -
161.24 73.14 
- -
161.24 't3, 14 
4.5 68.89l1 21,000 
, 
- - - -
- - - -
62.82 28.49 62.82 28.49 
- -
8.0 103.340 31,500 
• 
- - - - - - - -
22.10 10.02 
-
.- 22.10 10.02 
. 
SIIbtoaic Solution Rocket (Vacuum) 
- - -
- 1185.95 810.09 225.05 102.08 
- -
1785.95 810.09 225.05 102.08 
t 
A • 19.590\2 
- - - -
1639.24 766.23 . 321.76 145.95 
-
1689.24 766.23 321.76 145.95 1 210.84 ttZ -
i - - - - 1564.11 709.47 446.89 202.71 - - 1564.11 709.47 446.89 2OZ.71 
I 
a.p.ra0ld0 8oiutioa I - - - l- 1785.115 810.01 225.05 102.08 - - 1785.95 810.09 225.05 102.08 ! - - - 1699.24 766.23 321.76 145.95 - - 1689.24 766.23 321.76 146 •• f - - - - 15.64.11 709.47 446.89 202.71 - - 1564.11 109.47 446.8S 2 •• 71 
._._--
--- ----. ---
._-- -.--.-~ -- --- ----- --- -
TABLE xvn 
ENGINE NO. 5/WEIGHT STATEMENT 
EJECTOR RAMJET ENGINE 
Weight 
Engine Component kg Ib 
Fan Assembly - -
Fan Housing - -
Primary Rockets 3,760 8,289 
Mixer/Afterburner 2,876 6,341 
Exit Nozzle 2,960 6,525 
Controls 138 304 
Total Engine Weight 9,734 21,459 
Inlet Weight 5,681 12,524 
Installed Engine Weight 15,415 33,983 
Thrust/Weight*E i 36,2 
ng ne 
Thrust/Weight* Installed 22, 9 
Engine 
*ERJ Operating Mode/Sea Level Static Conditions 
50 
~:I 
'~~~ 
i (l~-~:.)~I 
~;~::~ :hrust 
mounts) 
(178 in.) 
4.521 m 
(Between E aft mounting rollers) 
Thrust mount 
Sliding ring variable exit nozzle 
Controls package 
Exit nozzle bel; Aft stablizer 
mount 
S.R.V .E.N~_ 
(max. aft position) 
! \ 5.105 m DIA. 
(201 m) 
L-/:' 
I / 
I J / 
'-J ~f I 
---+---~ 
3.277 m ~ f---,\--t-- (129 in.) 
8.153 m ------+--r--+-,---
f---IL:--2-. 0-3-2-m·- (321 in.) 
(80 in.) 1.472 m (58 in.) 
1.524 m 
(60 in.} 
Figure 23.- Engine 5 outboard profile - ejector ramjet cycle. 
M 
0 it 
0 0 
Altitude 1\1 tt .'ril 0 
0 0 0 
Altitude 
TABLE XVIII 
ENGJNI'; NO. Ii /PJ·:Itl,·OIlMANCE 
AIRTUHDOIWCIiliT ENGINE/I. 8 I·'AN TOTAL pnESSUHE RATIO 
Thrust JHP 
Cnnturc Arcn 
An 
. m Operating Mode Ibs Newtoll8 sec • !Newton-sec it':' :lIi2 
0 SERJ 
k g 
672,405 2.991 x 106 263.2 2.580 x 103 
TABLE XIX 
ENGINE NO. a/COMPONENT PROPELlANT FLOW RATES 
AmTURBOROCKET ~OJNE/1. 8 FAN TOTAL PRESSURE RATIO 
Gu Generator Prlmarv Aria,. BurlIer 
H H., I Operatl.Dg Mode Ilb/Seo, kglseo Ib/seo t/aeo Q2 1---'12 Ib/seo yseo 'lb/seo kl.eo Iblseo k lseo 
SERJ 309.37 140.32 17.77 8.06 1~78. 58 716.02 460.3 208.81 188.17 85.35 
.. 
: 
- -
~ 
TOI:lI Prapell:ll1t 
0 ., H., 
Ib/sec kw/sec Ib/leo 
1887.95 856.34 6GG.30 
k".!src 
302.22 
No Altitude 
ft m 
0 0 0 , 
.3 0 0 
.8 1,969 600 
.8 .11,811 3,600 
1.0 14,764 4,aOO 
1.3 9,843 3,000 
1.3 19.G85 6,000 
0 0 0 
.8 1,969 GOO 
.8 11,811 3,600 
1.0 14,164 4,500 
1.3 9,843 3,000 
1.3 19,685 6,000 
2.0 29,528 9,000 
2.9 39,310 12,000 
3 0 49213 15 000 
3.0 49,212 15,000 
4.5 49,213 1~,OOO 
4.5 68,898 21,000 
4.5 49,213 15,000 
Subsonio 5olutioa 
l 
a.peraio SoIlltiOO 
TABLE XX 
ZNOIN£ NO, 7 /rERFORMANCE 
AMTURDmOCKET ENCINF./l. 8 ~'AN TOTAL l'RESSURE RATtO 
Thrust Jsp 
Operauac Mode lba Newton aec, ~ewton-&ec 
k 
5tjRJ 870,723 3. 873 dO~ 340.9 C 3 3.343 xl03 
i 812,4G1 3.88u dOG 337.7 3.311 xl03 
I 953,878 4.243 dOG 348.6 3.418 xl03 
I 898,555 3.991; dOG 354.7 3.4078 xl03 I 934,495 4.1ali xl0 363.7 3.566 d03 I 1,089,708 ~. fI~7 xl06 374.9 3. G7r. xlO 
v 1,003,839 4.465 odOr, 379.6 3.722 d03 
FlU 192,194 O. 85·1 XI0~ 372.8 3 3.655 d03 i 275,057 1. 223·x10 3M.6 3.8G9 x103 I 199,7Gl G 4~.0 
! 
0.881! xl0G 3.961d03 
, 226,500 1.007 d06 426.7 4.184 XI03 391,616 1.741 d06 451.2 4.424 x103 , 282,120 1.251 xl0G 46G.0 4.569 XI03 4&4,530 2.155 xl0G 53:>.3 5.249 xl 03 
~ 325,254 1.446 xl06 544.1 5.335 xlO 527 269 :.345 xlO 549 1 5 384 xl03 
RJ 223,226 0.993 xlO· 1577.6 7.018 dO;3 
';13,089 2.121 xl0b 1566.1 4 1.526 xl04 
., :&S7.Ma 1. 05d xl0G 1560.0 1.530 xlO 
ERJ 1,403,520 G.243 xl06 577.5 5.663 xl03 
Rocket (Vacuum) 75S,G3l 3.361 xlO 310.6 3.634 xlO; r = 19.59 m2 820,062 3.64lJ XlO: 402.2 3.944 XI03 
9 210.84 ft2 831,888 3.700 xlO 408.0 4.001 xlO 
I 6 3 888,570 3.953 dOli 435.8 4.274 d03 917,931 4.083 xl06 450.2 4.415 d03 
• 8116,522 3.988 xlO 43 •• T 4.312 dO 
CllDturo .. ~ 
An. 
n" ::n Z 
- -
70.15 6.517 
34.95 3.247 
35.53 3.301 
33.a1 3.113 
33.88 3.148 
34.54 3.209 
- -
34.95 3.247 
35.53 3.301 
33.51 3,U3 
33.88 3.148 
34.54 3.209 
46.93 4.360 
48.38 4.495 
74 36 6 i08 
159.26 5.505 
109.31 10.155 
109.31 10.155 
109.31 10.155 
OfF -7.936 
- 5.25 
- 3.50 
-7.936 
- 5.%1; 
-3.50 
... AIU_ q,.nt ......... 
" 
m 11,1-
• I • U~-'r 309.37 .1 • • 327.35 .. 1.1G' 100 4:!2. ~t.i .. n,ln 3,100 211'1.84 
1 .• 14.1M 4.100 320.8G 
1.3 ',- 3.000 530.81 
1.3 11. illS 1,_ 3Ge1.20 
0 • 0 FlU 301.42 
.. 1,161 100 422.45 
.. ll,UI 3.600 291.1~ 
1.1 14,764 4,500 320.87 
1.1 '.IU 3._ 530.93 
1.1 11.0;&5 1,000 3i11.17 
1.0 21.52' 9._ 558,02 
1.0 _3'10 l~IOOO 3G7.33 
1.0 ".213 15,000 60S. I!'. 
1.0 49,211 15,000 ... -
•. 5 49.2U 1$.000 .. 
4.5 65,'9$ 11.000 .. 
4.5 ~ •• 2U 15.000 ERI -
SUbioatc 501'''&loQ jRocket (Vacuwr 
-
1 A ~ 19.59 m
2 
-
I II 210.84 rt2 
-
........ 5oIuU"" 
1 
.. 
1 .. -
TABLE XXI 
ENQDfE NO.' 'ICOMPONENT PltClPJ:LLANT PIDW RATa 
AJRTUIUIOItOCICI:T ENGINE/I.' PAK TarAL PRl:IMJU llAno 
0 .. aenerator Aft.._ 
,p 
'" 
...... n'" tl.Me IbI_ ~o.., IbI_ tl._ no/_ tf_ IbI .... V ..... r--- S- f---
140.33 17.77 '.00 T' 821.35 T 103.50 188.11 85.35 It&.48 18.80 8.53 I I 198.11 89.8' l!.Il. G7 24.26 11.00 2aO,aa 113.53 135.10 17.10 7.7a 179.48 81.41 145.r.. 18.43 •. 3' 191,'4 • IG.85 240.1% 30.48 13.13 301i.11 131.011 IG7.01 21.14 I. sa 214;'14 !I8.ot 
UO.35 17.n 8.00 
- -
.. .. I ••• " 8i.n 
181. G2 It.Z. n.oo 
-
.. .. .. 2510.25 113.51 
135.10 n.10 1.11 .. 
- -
.. 179.4. 11.41 
1~$,54 ".43 •• H .. 
-
-. 
.. 191.48 8ti.U 
2"0.lIl 30.49 13.13 .. .. 
-
.. 306.GI 139.08 
IG7.00 21.14 8.58 .. .. .. .. 21&.13 118.03 
253.11 32.~ 14.53 .. .. .. .. 315.17 142.9& 
ItiG.62 21.01 ,.&7 
- -
.. .. !O'.:J!t !I4.foII 
275.31 3 •. 85 n.1I 
- -
.. .. 3U.70 Hr.. OJ 
-
.. 
-
.. .. 
-
.. 141.49 M.l& 
.. .. 
- -
.. .. .. 391.48 111.57 
-
.. 
-
.. .. .. .. 152. &2 G9.1i 
-
.. . 1110.11 121. IS UI.I 103.60 391.4ij 171.57 
. 
- -
1110. T7 8U.I!> 121.1 103.&0 .. . 
.. 
- -
1712.11 n4.87 324.2' 147.18 .. 
-
.. .. 
- 1585." nl. 3~ 453.11 205.52 .. -
.. 
- -
1810.77 821.35 228.1 103.50 .. 
-
.. 
- -
1712.71 776.91 326.2: 147.9. .. 
-
.. .. .. Ir.8S.U 719.32 453.1 20li,l>2 .. 
-
T .... t_la .. 
IP-4 If. 
Ib/oec II /.ec Iblee. 
& v- IblOH " ... ' 
2120.14 "1.68 205.94 1:1.41 22'.11 113." 
21311.12 9G9.'3 21ft. 91 ".42 I I H33~33 1013.02 2H.r.. 124.53 2101.61 8SC.45 I"'. S. 1S.17 2131. 63 '!.G.a9 ZOI.91 95.21 2341.GI 10G2.17 337.11 152.91 ZI78.11 988.36 237.&1 107.63 
3ot1.42 140.35 205. Ie n.n 
- -
422.45 191.G2 274.51 124,51 .. .. 
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TABLE XXII 
ENGINE NO. 7 /WEIGHT STATEMENT 
AffiTURBOROCKET ENGINE/I. 8 FAN TOTAL PRESSURE RATIO 
Eng-me Component 
Fan Assembly 
Fan Housing 
Primary Rockets 
Mixer / Afterburner 
Exit Nozzle 
Controls 
Total Engine Weight 
Inlet Weight 
Installed Engine Weight 
Thrust/Weight*E . 
ngme = 
Weight 
k lb 
-g 
2,272 5,008 
565 1,246 
3,778 8,330 
2,691 5, 932 
2,960 6,525 
276 608 
12,542 27,649 
5,950 13,117 
18,492 40,766 
31. 5 
Thrust/Weight*Installed = 21.4 
Engine 
*SERJ Operating Mode/Sea Level Static Conditions 
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(131 in.) J 
,-- 3.327 m - J (Between thrust 
,mounts) 
>-----(178 in.)-' 
4.521 m 
(Between £ aft mounting rollers) 
Sliding ring variable exit nozzle 
Controls package 
S.R.V.E.N. 
(max. aft position) 
--.~ ........ 
-----\ 
. \ 5.105. m DIA. 
:...._ (201 In.) 
'\ -H1-+-nlf-tt';l~4+ ffi---tf-r-tH--+!-l--l+f-H.HHt-+Wll:tt h~+-+rrllr~~~~--~~~r,-
I--..----t----3.988 m ~ 
(157 in.) 
: I 
II 
-:-:-/ 
1--+--____ 8.153 m --------+---.--+--.--1 
1.320 m (321 in.) 
(52 in.) 1.472 m (58 in.) 
1.524 m 
(60 in.) 
Figure 24.- Engine 7 outboard profile - airturborocket SERJ cycle. 
DISCUSSIONS 
Comparison Between Engines 
Some significant data for the seven engines analyzed are summarized in Table xxm . 
Engine 1 has considerably better fan ramjet specific impulse than engine 2. The difference 
is entirely due to the increased work per unit airflow required from the gas generator to 
power the higher pressure ratio (1. 8) fan. Some possibilities for decreasing the gas gen-
erator propellant flows are presented later in this section. 
Engine 3 is lighter than engine 2 because the fan is fixed but the ramjet mode is 
limited to a Mach number of 4.5. The ramjet thrust at a Mach number of 3.0, is also 
reduced (compare Table VI with Table IX). 
Engine 4 has increased thrust compared to engines 1 to 3 because the ejector thrust 
has been increased. The engine size (Figure 19 and 21) has not changed. The SERJ mode 
specific impulse was degraded 56 seconds. 
Engine 5, which does not have a fan subsystem, is lighter than engine 4. The 
specific impulse, however, never greatly exceeds that of a rocket except in the ramjet 
mode. 
Engines 6 and 7 use hydrocarbon fuel, so the specific impulse is less than engine 4. 
The tankage required for a corresponding total impulse is less for the hydrocrabon fuel, 
so there may be advantages to using it early in a mission. 
Advanced Technology Payoffs 
Five key design/technology assumptions were made in conducting this study. 
These key assumptions were: 
1. Single stage fan 
2. External gas generator 
3. Single stage tip turbine 
4. Fan turbine design total pressure ratio = 3. 50 
5. Maximum fan turbine inlet temperature = 13670f( (24600 R) . 
An objective of this program were to assess the payoff of incorporating advanced 
engine technology into the engines designed in this study. ~ecifically. the effects on 
performance of increased fan turbine design pressure ratio and fan maximum turbine 
inlet temperature was assessed for engine No. 4 and are discussed below. 
Increased Fan Turbine Pressure Ratio/Internal Gas Generator. - The airturbo-
rocket engines studied in this program assumed the use of a single stage turbine located 
on the periphery of a single stage fan. A turbine design pressure ratio of 3. 50 was 
assumed. Fan mechanical speed was held constant for all SERJ and Fan Ramjet flight 
conditions. The fan turbine inlet total temperature was also held constant. Thus the 
fan turbine's corrected speed is constant; therefore. the turbine always operates at 
its design point. 
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TABLE XXIII. COMPOSITE ENGINE PERFORMANCE COMPARISON 
Flight Condition I Sea Level Static M ::;: 2. 0 @ 9000 m I M = 4.5 @ 21000 m Vacuum-O/F=5.25 Supercharged o (29528 ft) ! 0 (68898 ft) 
< , I 
'-
Eject r Ramjet Fan Ramjet Ramjet Rocket 
En~~g. Operating Thrust Isp I Thrust Thrust IIsp Thrust Isp Thrust Igp 
No. Mode N (lb) Sec. iWeil!ht N (lb) Sec. N (lb) Sec N (lb) Sec 
1 1. 8 x 10 6 427 17.3 1. 946 x 10 6 1051 1.386 x 10 6 3705 1. 466 x 1.0 6 459 
(404,700) (437,600) (311,600) (329,500) 
2 1. 8 x 10 6 421 17.3 1.828 x 10 6 647 1. 096 x 10 6 3833 1.232 x 10 6 455 
(404,700) (410, 900) (246,500) (276,900) 
3 1. 8 x 10 6 421 18 6 1.828 x 10 6 647 1. 092 x 10 6 3819 1.232 x 10 6 455 
(404,700) (410,900) (245,600) (276,900) 
4 3.886 x 10 6 365 31.7 2.315 x 10 6 764 1.109x 10 6 3972 4.028 x 10 
6 450 
(873,600) (520,700) (249,500) (905,600) 
5 3.454 x 10 6 375 36.2 4.585 x 10 6 491 1.113x10 6 3985 4. 049· x 10 6 453 
(176,500) (1,030,800) (250,307) (910,200) 
6 6 2.991 x 10 263 
- - - - - - -
(672,405) 
- - - - -
-I 6 6 6 6 7 3.873 x 10 341 31.5 2.155 x 10 535 1. 058 x 10 1560 4.083 x 10 450 
j(870, 800) j (484,500) (238,000) ! (917,900) I 
Sea level static Supercharged Ejector Ramjet and Fan Ramjet performance 
was computed for engine No. 4 over a range of turbine design total pressure ratios. 
The following turbine pressure ratio, adiabatic efficiency, and number of turbine 
stages relationship was assumed in this analysiS: 
stages 
1 
2 
3 
Total Pressure Ratio 
3.5 
7.0 
14.0 
Adiabatic Efficiency 
.85 
.86 
.87 
The effect of turbine pressure ratio on engine specific impulse and thrust is presented 
in Figures 25, 26 and Table XXIV. The improvement in SERJ mode specific impulse is 
modest. The large ejector thrust/propellant flow rate dominate this engine operating 
mode. However, Fan Ramjet performance is dramatically improved with increased 
fan turbine pressure ratio. 
Clever design may permit the use of two tip turbine stages on the periphery of 
the single stage fan. If this is not technically feaSible, a more conventional internal 
gas generator/fan-turbine drive configuration would be required (See Figure 27 ). 
In any case, the use of a three stage turbine may be be accomplished with the conventional 
fan/turbine drive arrangement. 
Increasing the number of turbine stages to improve engine performance will 
also increase engine weight. It should be recognized that one of the attractive 
features of the airturborocket engine is its light weight, albeit the airbreathing gas 
generator SERJ engine has better engine performance. A number of turbine stages/ 
engine performance/engine weight design tradeoff study is clearly indicated. Such a 
study was beyond the scope of this contract. 
Increased Fan Turbine Inlet Temperature. - The effect of increased fan turbine 
inlet total temperature on engine No. 4 sea level static performance is presented in 
Figures 28, 29 and Table XXIV. Supercharged Ejector and Fan Ramjet specific impulse and 
thrust performance is shown. Specific impulse, for both ~erating modes, linearly 
increases with temperature. Better materials and/or active turbine blade cooling is 
probably required for turbine temperatures much in excess of 1367'0J( (24600 R). 
Active blade cooling with a tip turbine configuration appears to be a formidable 
design problem. A turbine design study is required to define the operating limits of 
current or near term materials. Such a study was beyond the sc~e of this program. 
Engine Ground Test Facility ReqUirements/Limitations 
Successful development of a high speed air breathing engine may require a 
considerable amount of engine ground testing. Engine development as well as per-
formance/structural documentation testing will be required. In addition, a flight test 
program is required to evaluate potential engine/vehicle dynamiC interaction problems 
and to demonstrate total system performance. 
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Figure 25 • Effect of Fan Turbine Pressure Ratio on Specific Impulse 
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Figure 26. Effect of Fan Turbine Pressure Ratio on Engine Thrust 
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0':> 
~ 
1F.1l Turbine Perfonnance 
f~eI Total Total ~mperature P~.8ure 
"K/oR Ratio 
~3G1/2'60 3.5 
367/2460 3.5 
~~06/2710 3.5 
506/2710 3.5 
~6U/2960 3.5 
~6U/2960 3.5 
~367l2460 7.0 
11367i24GO 7.0 
~367/Z460 14.0 
~367/Z460 14.0 
TABLE XXIV 
ADVANCED ENGINE TECHNOLOGY/COMPONENT PROPELLANT FLOW RATES 
. ENOINE NOo 4 - SEA LEVEL STATIC 
Prlmarv A fter Burner ~ Gas Generator 
OpontlAC Mode lib/sec' kglseo 
-.lI _02 
--112 I H'JO 
Ib/sec k/seo lb/sec ysec lb/aec kg/sec lib/sec k ';_80 
SERJ 295.27 133.93 4.50 2.04 1786.46 810.32 225.11 102,11 82.63 37.48 
FRJ 94.92 133.77 4.49 2.04 
- - - -
82.58 37.46 
SERJ 263.74. 119.63 4.53 2.05 1758.49 797 .. 63 221.58 100.51 78.62 35. f!6 
FRJ 263.60 119.57 4.53 2.05 ~ 
- - -
78.60 35.65 
SERJ 237.01 107.51 4.57 2.07 ~734. 78 786.88 218.60 99.1<; 75.21 34.11 
FHJ 237.03 107.51 4.57 2.07 
- - - -
75.21 34.11 
SERJ 134.37 60.95 3.21 1.'46 1645.67 746.46 206.96 93;87 63.63 28.86 
FRJ 134.28 60.91 3:21 1.46 - - - - 63.63 28.86 
SERJ . 106.01 48.09 2.53 1.15 1616.63 733.29 203.11 92.40 60.74 27.55 
FRJ 105.96 4.8.06 2.53 1.15 
- - - -
60.74 21.55 
TObl ProPell:lct 
0 H 
Ib/sec k../Ffsec Ib/sec k ... /s"c 
2081.73 944.25 312.24 141.63 
~94.92 133.77 87.07 39.50 
2022.23 9i7.26 304.73 138.22 
263.60 119.57 83.13 37.70 
1971.79 894.39 298.38 135.33 
237.03 107.51 79.78 36.18 I 
I 
1780.04 807.41 273.80 124.1' I 
134.28 60.91 66.84 30.01 I 
1722.64 781.38 266.98 121.10 
105.96 48.06 63.21 28. T. 
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< 
< 
< 
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Figure 27. Airturborocket Engine Cycle Variations 
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Engine ground test facility simulation requirements for engine No.4 are 
presented in Table XXV. These requirements are typical for the engines studied 
in this program. There are a limited number of major airbreathing engine altitude 
test cells in the United States. These facilities are described in Table XXVI. Generally 
speaking, many of these test cells can simulate pressure and temperature conditions up 
to the Mach 3 condition. The AEDC APTU facility (when operational) and Marquardt's 
Cell 8 can simulate pressure and temperature requirements up to and including the Mach 
4. 5 flight condition. However, none of these facilities come close to meeting engine 
airflow requirements. In addition, the large airflow cells are blown down facilities, 
therefore, run time is limited. 
exists: 
To develop the engines characterized in this program, four program plan options 
1. Build a new facility or Significantly modify an existing facility to meet 
engine simulation requirements. 
2. Design and develop a reduced size engine - then install a large number 
of engines on the launch vehicle. 
3. Design and develop a reduced size engine - then scale this engine to full 
size and proceed directly into the flight test program. 
4. Design and develop the full size engine using only sea level static tests -
then proceed directly into the flight test program. 
Options 3 and 4 appear to be high risk programs; some reduction in engine 
size (option 2) and modification of an existing facility (option 1 ) appear to be an attrac-
tive approach. 
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TABLE XXV 
ENGINE TEST FACn.rn 1'>1MCIJlTION REQUIREMENTS 
.----~ - -'-' _._-----' --_.'_-
-- -
F:-'ta:-.t':-.o -1/1111011 "q" TRAJt'crORY 
Freestreoln Fan Inlet Engine Exit Noule Throat 
Altitude ~lCrnti1l!; Total Temperature Total Pressure Airflow Static PrM8ure Mach 
Ncwtoll8/ m 2 NewtoM/m2 Number Feet Meters Mode OR OK psla '/Sec kg/Bee pala 
0 0 0 SI::IW r.l!l :!~ 14.7 G .100x1O 1712 777 50.0 .345 x 106 
0.3 0 II St:lt.J !;2K Z!J:J la.2 G • III!; x 141 17~17 1415 ;'11.4 G .3·11 x 10 
0.8 1,969 600 SERJ 577 321 20.1 .139 x 106 2238 1015 51. 8 .400 x 106 
1.0 14,764 4.500 SERJ 5.';9 311 15.1 .104 x 106 1721 781 50.5 .348 x 106 
1.3 9,843 3,000 SERJ G4G 359 26.4 .182 x 106 2696 1223 54.0 .372 x 106 
1.3 9,843 3,000 FRJ 646 359 26.4 .182 x 106 2696 1223 23.7 .163 J: 106 
2.0 29,528 9,000 FRJ 742 412 30.9 .213 x 10 6 2729 1238 26.6 .183 x 106 
3.0 49,213 15,000 FRJ 1080 600 «.8 .309 x 106 2826 1191 • 34.5 .278 x 106 
3.0 49,213 15,000 RJ 1080 600 «.8 .309 x 106 2626 1191 21.9 .151 x 106 
4.5 68,898 21,000 RJ 1886' 1048 95.1i 
6 • • 656 x lO 21M 1'17 52.2 .360·1~ 
TABLE XXVI 
MAJOR U.S.AmBREATHING ENGINE ALTITUDE TEST CELLS 
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CONCLUDING REMARKS 
Seven composite engines were designed for application to a resuable single-stage-
to-orbit vehicle. The engines were variations of the Supercharged Ejector Ramjet engine. 
The results form a data base for evaluation of this class of composite engine to various 
missions. An examination of possible improvements indicated that the Fan Ramjet 
specific impulse can be increased significantly if a mUlti-stage turbine is used. A study 
of ground test facilities indicated reduced size engines should be considered to minimize 
facility improvement requirements. 
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ABSTRACT 
The composite engine combines the best features of rurbrcathing and rocket 
engines into a simple, integrated, highly flexible propulsion system. These 
prq>ulsion systems feature multimodal operation capability with cycle process 
interactions between engine components. Increased engine performance results 
from this synergistic design approach. Examples of composite engines are the 
Ejector Ramjet (ERJ), Supercharged Ejector Ramjet (SERJ), SCRAMLACE and 
Ejector SCRAMJET. This class of engine is also frequently referred to as mixed 
cycle engines, rocket ramjet engines, and less frequently compound cycle engines. 
This paper will summarize a detailed engineering study conducted to evaluate 
the potential of composite engines when applied to the first stage of a two-stage 
manned advanced reusable launch vehicle. Briefly, the launch vehicle mission/ 
design constraints were as follows: 
• Reusable vehicle, passenger/light cargo payload 
• Two stage to 262 nautical mile (485 kilometer) orbit 
• Horizontal takeoff and landing 
• Hydrogen/Oxygen (rocket engine only) pr~ellants 
• One million pound (453600 kilogram) vehicle takeoff gross weight 
• Full mission profile, liftoff to landing with 3 "gil acceleration 
limit (manned application). 
Payload in orbit was the prime evaluation criteria. 
A total of 36 composite englnes were evaluated for this mission/application. In 
all cases considered, composite engines were clearly shown to be superior when 
compared to an advanced liquid rocket engine. Payload in orbit results are 
presented for the more attractive composite engines. In addition, vehicle pay-
load performance as a function of vehicle staging velocity is presented. Typical 
staging velocitieS are Mach 8 to 10. 
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INTRODUCTION 
Launch vehicles in. which all components are fully reusable must eventually be 
developed if truly low cost space launch operations are to be achieved. The 
horizontal takeoff and landing airbreathing launch vehicle has inherent fcatures 
which make'/ft a prime candidate for future second generation shuttle systems. 
The rocket cngine is characterized by high thrust to weight ratio but at low specif-
ic impulse values. In contrast, true airbreathing engines are characterized by 
high specific impulse performance l;lut engine weights are heavy, Thc composite 
engine combines thc best features of rocket and airbrcathing engines into simple 
integrated, highly flexible propulsion sy:;;tems. 
As suggested in Figure 1, a fully reusable launch vehiCle (two stage to orbit 
mission), powered by composite cngines, may offer major improvements in 
payload in orbit performance. This paper summarizes a detailed engineering 
study conducted to evaluate the potential of the composite engine. * 
COMPOSITE ENGINE SYNTHESIS, DESIGN, AND OPERATION 
The elemental propulsion systems which provide the basic building blocks for 
synthesizing composite engines are the familiar rocket and airbreathing systems, 
which are symbolically illustrated in Figure 2. 
If it is desired to incorporate the features of both elements (rocket and airbreather) 
in a single vehicle, two approaches are obvious: the elements may be installed 
either separately or integrally. The former may be termed a combination pro-
pulsion system. Thus, to illustrate the contrast, combination propulsion systems 
incorporate two or more elemental engine types in a nonintegrated installation, 
i. e., with little or no direct physical or process interaction between engine types 
within the vehicle's propulsion complement. 
If, however, the elements are physically integrated into a single propulsion 
system, having multimodal operation capabilities, with cycle process inter-
actions between elements, the result is a composite propulsion system. Increas-
ed engine performance results from this synergistic design approach. 
Marquardt approached the composite engine from the standpOint of expanding and 
developing the functions and operation of the basic ramjet cycle. Thus a clear 
initial goal was to provide thet:amjet with low speed thrust capability such that it 
could accelcrate under its own power to ramjet cruise conditions. The Ejector 
Ramjet is thus the most simple composite engine which integrates the rocket 
fUDCtion and ramjet function into a single integrated engine (sec Figure 3). The 
EjeCtor Ramjet engine has two operating modes: (1) Ejector Mode and (2) Ramjet 
Mode (high flight speed operation). 
*This study was sponsored by the National Aeronautics and Space Administration 
(NASA) under Contract NAS7 -377. Marquardt was supported in this study by the 
Lockheed-California Company and Rocketdyne. 
Manned high supersonic/hypersonic speed aircraft will cruise on ramjet power. 
However. such aircraft also require low speed cruise/loiter capability at low 
specific fuel consumption. The Supercharged Ejector Ramjet (SERJ) engine meets 
these requirements. In this engine, a low pressure ratio fan/gas generator is 
integratc14Vith the ejector primaries and ramjet/afterburner. The fan provides 
an additional pressure rise for the high thrust/acceleration Ejector Ramjet OJ)cra-
ling mode, or Fan Ramjet operation (i. e. augmented turbofan) for intermediate 
speed acceleration, or low speed cruise/loiter capability with the ejector and 
ramjet components inoperative, (Fan Mode). During ramjet operation, the fan 
may be allowed to windmill or be removed from the airstream. TIle windmilling 
technique has been experimentally demonstrated. 
The Ejector Ramjet and SERJ engines can be designed for cryogenic (i. e. liquid 
hydrogen. liquid methane) or storable prqJcllants. Advanced high performance 
composite propulsion systems which operate over a very wide flight speed range 
have been established by combining ramjet, Ejector Ramjet, SERJ, supersonic 
combustion and/or LACE engine technology. The Ejector SCRAMJET, RAMLACE. 
and SCRAMLACE engines are shown in Figure 4. Figure 5 illustrates the 
Supercharged Ejector SCRAMJET, Supercharged RAMLACE and Supercharged 
SCRAMLACE engines. 
The basic LACE engine cycle uses the large cooling capacity of liquid hydrogen 
to liquefy air. Therefore, this basic engine cycle and its derivatives are limited 
to the use of liquid hydrogen fuel. The Supercharged Ejector SCRAMJET and 
Ejector SCRAMJET engines can be designed to operate on cryogenic fuels or 
storable propellants. The basic technology to develop these advanced engines 
has largely been demonstrated; however, development of these engines will be 
more costly and will require a longer development period than for either the 
Ejector Ramjet or Supercharged Ejector Ramjet engine. 
Figures 4 and 5 described several composite engines which use the basic LACE 
engine as the ejector primary/rocket subsystem. These engines are RAMLACE, 
SCRAMLACE. &lpercharged RAMLACE and Supercharged SCRAMLACE. The 
performance of these engines can be significantly improved if the cooling capacity 
of liquid hydrogen can be increased.' One demonstrated approach is the use of 
slush hydrogen (super cooling) which lowers the hydrogen boiling point from 36"R 
(20"K) to approximately 25"R (14°K). The performance potential o( this technique 
as applied to the RAMLACE engine is illustrated in Figure 6. In this composite 
engine application study, this cooling/improved performance concept was evalua-
ted for the following engine designs: 
Recylcled RAMLACE 
Recycled SCRAMLACE 
Recycled &lpercharged RAMLACE 
Recycled Supercharged SCRAMLACE 
The ejector mixing and pumping (Jet compression) offered by the ejector primary/ 
rocket subsystem forms the heart of the Marquardt developed composite engine 
cycles. The kinetic energy of high pressure ejectors is used to induce airflow 
at low speed conditions and at all flight speeds to raise the total pressure level 
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01 the mixed air/primary system. As with all airbrcathing engines, thrust and 
cycle efficiency increase as the cycle pressure ratio is increased. 
The continuity, momentum and energy equations relate the aerothermodynamic 
prq>erties of ' the fully mixed air-primary (i. e. mixer exit) to mixer entrance 
flow conditions. Experimental mixing data are in close agrcement with predic-
tions. However, the length required to achieve full mixing cannot be analytically 
predicted and, therefore. must be experimentally correlatcd. 
Representative ejector/mixer performance in terms of total pressure ratio is 
presented in Figure 7 as a function of secondary/primary mass flow ratio or 
more simply engine airflow/ejector propellant flow ratio. Achievable eJector/ 
mixer total pressure ratios are modest, therefore, the resultant improvement 
in engine performance is maximum at lower flight speeds. 
Marquardt has conducted an intensive jet compression research program. Initial 
ejector primary propellants (fluids) included heated air, hydrogen/air and hydro-
gen/oxygen. Later tests included hydrocarbon fuels and hydrogen peroxide as the 
oxidizer. As a result of this work. the required mixer length was correlated as 
a function of the number of primary nozzles, the primary exit Mach number, 
air/primary flow rate ratio, primary/secondary total temperature ratio and 
mixer/primary geometry (see Figure 7). Efficient jet compression with short 
D'lixer lengths has been demonstrated. 
The Ejector Ramjet engine cycle has been successfully demonstrated in several 
engine test programs. Initial small scale demonstrations were accomplished 
with hydrogen/air and hydrogen/oxygen ejector primary subsystems. Later, 
two IS-inch diameter Ejector Ramjet engine demonstration programs were con-
ducted using hydrocarbon fuel/hydrogen peroxide propellants. A photograph of 
the second test engtne Is presented in Figure S. Briefly these test programs 
demonstrated the following: 
• Experimental thrust stand performance agreed within ± 5% of 
predicted performance. 
• Both engine operating modes were demonstrated. 
• Mode transitions were demonstrated. 
• Ejector primary throttling was demonstrated. 
• Afterburner throttling was demonstrated. 
• static and high flight speed operation were demonstrated. 
Thus. the composite engine has been convincingly demonstrated in scale engine 
test programs. 
The composite engine is characterized by its multi-operating mode capability 
and resultant mission flexibility. The flexibility of this class of engine is 
illustrated in Figure 9. Specifically, this figure describes the q>erating modes 
of the Supercharged Ejector SCRAMJET engine when used to power an advanced 
reusable launch vehicle. A single stage to orbit option is apparent. 
studies conducted by Marquardt and several major airframe companies have 
sbown that while composite engine multimode operating flexibility is a valuable 
asset, the mission optimizntion process is complex and requires more effort 
than for single operating mode engines. 
ADVANCED LAUNCH VEmCLE APPUCATION 
Marquardt evaluated the performance potential of composite engines when applied 
to an advanced reusable launch vehicle. Briefly, the launch vehicle/mission 
design constraints were as follows: 
• Reusable vehicle, passenger/light cargo payload 
• Two-stage to 262 nautical mile (485 kilometer) orbit 
• Horizontal takeoff and landing 
• Hydrogen! oxygen (rocket engine only) propellants 
• One million pound (453600 kilogram) vehicle takeoff gross weight 
• Full mission profile, liftoff to landing and 3"g" acceleration limit. 
Payload in orbit was the prime evaluation criteria. 
A total of 36 composite engines were evaluated for this application/mission; 
however, the engines of primary interest have been reviewed in this paper. 
study results were compared to "Very Advanced" rocket and Turboramjet 
engine performance. 
The baseline composite engine fully reusable launch system is a tw'o-stage, 
horizontal takeoff and landing, nested lifting body configuration. The first stage 
provides an aerodynamic pressure f\eld for the inlets of the integrated propulsion 
system. The all-rocket second stage vehicle is fully recoverable and reusable 
and was established in a previous study program. * The design of this vehicle 
was not perturbed; rather, It was scaled in accordance with first stage cap-
abilities. 
An orbital launch system was defined for each composite propulsion system. 
Figure 10 describes a representative system. Specifically, the first stage of 
this launch vehicle is powered by SCRAMLACE engines. Figure 11 presents an 
artist's rendering of this vehicle. 
In general terms, composite engines operate on ejector (primary rocket) mode 
from Sea Level Static to as high as Mach 2, where ramjet mode transition occurs. 
For engines employing the subsonic combustion mode, the maximum airbreathing 
Mach number is 8. For engines employing the SCRAMJET mode, the transition 
from subsonic to supersonic combustion occurs at Mach 6 and this high speed 
mode nominally continues to Mach 12. Specifically, engine operating modes/ 
transition speeds were optimized in terms of minimum propellant plus engine 
weight for each composite propulsion system. Figure 12 illustrates the broad 
range of composite engine performance during ejector mode operation. Corres-
ponding Sea Level Static Engine thrust to weight ratios arc also presented. 
*NASA Contract NAS8-11463 
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A stated objective of this study was to compare composite engine mission results 
with "Very Advanced" rocket engine propulsion. For this study, "Very Advanced" 
rocket engines were defined as follows: 
Prq>ellants 
Cycle 
Oxidizer/Fuel Ratio 
Chamber Pressure 
Specific Impulse, Sea Level 
Thrust/We'ight Ratio 
Liquid Hydrogen/Oxygen 
Fuel Rich Tap Off 
6.5 
2000 psi (141 kg/cm2) 
375 sec. 
179 
The results of the mission analysis study are presented in Figure 13 in terms 
of payload in orbit and system total dry/gross payload weight ratio. System cost 
effectiveness was specifically not an objective of this study. However, system 
total dry/gross payload weight ratio is a rough indicator of total system cost. 
With these results, two composite engines were selected for further detailed 
study. An objective of this study was to conduct an assessment and evaluation 
of engine technology requirements. This resulted in the selection of the two 
composite engines; (1) the first engine should provide attractive payload in orbit 
performance yet only require near term technology for its successful develop-
ment while (2) the second engine should provide near maximum payload in orbit 
performance recognizing major advances in engine technology would be required 
for its successful develq>ment. The selected engines were: (1) near term 
technology - Supel'qharged Ejector Ramjet engine and (2) advanced engine 
technology - SCRAMLACE engine. 
These two engines and comparison "Very Advanced" rocket and Turboramjet 
engines were intensely stUdied. For example, optimum* launch vehicle staging 
velOCity was defined (see Figure 14). In addition, study of the ''Very Advanced" 
rocket powered vehicle was expanded. Specifically, three takeoff modes were 
evaluated: 
1. Horizontal takeoff and landing (internal landing gear) 
2. Horizontal takeoff and landing (rocket sled assisted takeoff) 
3. Vertical takeoff. 
Optimum staging velocities for these vehicles are also presented in Figure 14. 
In the same format as previously presented, the results of this detailed study are 
presented in Figure 15. This figure compares the following engines: 
• ''Very Advanced" Rocket 
• Supercharged Ejector Ramjet (SERJ) 
• SCRAMLACE 
• Turboramjet. 
It should be noted that the payload in orbit values are the maximum from 
Figure 14. 
*In terms of payload in orbit performance 
These results indicate a more favorable position for the ''Very Advanced" rocket 
engine particularly with the alternate takeoff modes. These results notwith-
standing, the payload in orbit potential of the composite engine is clearly shown. 
The Turboramjet engine shows excellent growth potential; ho\\"cver, devciopment 
of the Sul"~rcharged Ejector Ramjet enginc could be accomplished for a fraction 
of the develqJment cycle and cost of the Turboramjet engine. 
Although the Ejector fiamjet engine was not evaluated in the detailed engineering 
study, its high performance/low devclopment cost potential should be recognized. 
If first stage loiter Is not established as a requirement, this conclusion becomes 
stronger. With this engine, development of rotating machinery is not required 
and this engine cycle has ~en convincingly demonstrated in several engine test 
programs. 
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APPENDIX B 
SUPERCHARGED EJECTOR RAMJET ENGINE 
ROCKET OPERATING MODE (VACUUM) 
(A) Operating Mode Schematic 
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(B) Major assumptions: 
1. The inlet is blocked off and sealed. 
2. Static pressure p is sufficiently low that primary nozzle remains 
s 
choked. 
3. For structural design reasons, mixer exit static pressure, P5' is not to 
exceed 150 pSia. 
(C) General comments: 
1. 
2. 
3. 
4. 
Conditions at station 5 are defined by throat area AS. If As is small, 
Station 5 is subsonic; if As is sufficiently large, station 5 and down-
stream of that station is supersonic. Minimum engine back pressure, p , 
occurs with supersonic solution. S 
As AS is reduced, M5 is reduced and p and P5 are increased. 
A limiting condition exists when P5 = l?O psi (engine structural design 
limit) • 
If the pressure at Station 5 were increased sufficiently, the ejector 
primary nozzle would unchoke and the primary flow rate would decrease. 
S3 
(D) Subsonic solution - method of approach: 
S4 
1. Assume Mach number M5 and that flow fills mixer area A 5• 
2. Define total pressure at Station 5, assuming adiabatic flow. 
PT5 _ k3p A3p 
PTp k5 A5 
where k == f (M); M3p == 1. 0 
where PT = 1494 pSia p 
Note: k and k are defined from equilibrium chemistry data. 3p 5 
PT 5 vs M5 plotted in Figure 1 attached. Note that M5 is 
limited to ~ • 051. 
3. Size throat area As 
wp == k5 A5 PT5 == ks AS PTS 
assume PT5 == PTS; TT5 = TTS 
than AS = 
\ A5 k5 A5 
4. Define nozzle expansion ratio Ai As where A9 = physical max. area for 
engine exit nozzle. Note for engine No.1, thlS area ratio'=" 41.0 for a 
range of OfF ratios. 
5. Determine Isp from chemical equilibrium solutions. (Note: constant y 
cannot be used to compute M9 and stream thrust). A typical chemical 
equilibrium solution at ¢ = 1 (O/F = 7. 936) is shown in Figure 2 for 
a range of chamber pressures. At an area ratio A9/ As of 41 for a 
chamber pressure of 150 psia the ideal vacuum specific impulse is 42S 
seconds. This impulse can be increased to 454 seconds by use of an 
OfF ratio of ~ 4.75 as shown in Figure 3 
At this point, it is necessary to make a note about exit nozzle variable 
geometry requirements. The As! Ae value of 41. 0, which corresponds 
to a chamber pressure of 150 psia, IS larger than the (A/As) value 
corresponding to ramjet operation at Mach S. 0 (i. e. A9/ AS'=" 27.0). 
IT the minimum value of As is assumed established by the Mach S ramjet 
requirement, the chamber pressure drops from 150 psia to 114 pSia and 
the ideal vacuum impulse also drops slightly. This effect is shown in 
Figure 3 for comparison. There is no limit to the minimum AS of 
the translating ring nozzle, and therefore the higher impulse levels of 
Figure 3 are believed attainable. 
6. The ideal specifiC impulse values presented in Figure 3 were reduced 
4% to account for real nozzle effects (See Table ill ). 
7. Check nozzle back pressure. The above solution is valid provided that 
the primary nozzle remains choked. This requires an interactive type 
solution as follows: 
(a) Assume primary nozzle is flowing full for starting point 
Ps --".-/ 
~ " 
,.:1 ( ~ A4P 
Ps "1 s ... 
-----
0 
P5 m 4 A4 t " "t p p con lnul y: -= 0 i. e. 
P4p ms A5 
momentum: Ps 
P4p 
A 
s +- (f/P)4p 
A4p 
geometry: A +A = A 
s 4p 5 
f 
As 
! 
o 
o 
definition: m = g V ~ M [1+ Y;1 m2] 1/2 
P5 
for given M5, is defined from continuity equation P4p 
Ps then defined from momentum equation 
P4p 
Note: if Ps > 2.0, the primary nozzle will separate, i. e. 
P4p 
ss 
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p 
PRIMARY NOZZLE STATION 
Ps 
Thus if - > 2, the full flow solution cannot be used, 
P4p 
and an effective primary flow area A 4p I must be used. 
(b) Method of defining effective primary flow area 
p 
defining p s' == ~ as in above sketch 
PSI Ps 
then -- == 
PT ::; PT 
A P P 
then ~ given in Figure 4 A4p' 
and A A = A4 - A4 I 4p p p 
(Chemical Equilibrium Data) 
from continuity define new Mach number at primary exit, i. e. 
(c) 
(d) 
P PT A3p 0 =~ --=.IL 0 m m
3P s PT Ps A4p ' P 
0 
M =f (m ) 
s s 
(lIp) s 2 = 1 +YM 
s 
new momentum equation: 
A 6 A4p (f/p)s P5 A5 (f/p) 5 s + 
-- + ---
A4p A4p Ps 
A4p 
A4 ' A4p 
0 
where P5 m s =~ 
--Ps A 4p A5 m5 
For a given ~ , the solution proceeds by assuming various values of 
Ps until agree&ent is reached between momentum and continuity 
equations. 
Subsonic solution for back pressure p is shown in Figure 5 .• 
For a mixer Mach number less than O~ 02, it can be expected that 
the primary nozzle would unchoke. For the selected operating 
point (i. e. M5 = . 051 resulting in a chamber pressure of 150 psia) 
the flow in the primary nozzle is supersonic although separated. In 
terms of absolute units, the back pressure is 
p _ ~ ~ PTp ~ 10.3 x 92~ 93 x 1494 = 165.6 psia 
s P4p PTp 
(E) Supersonic solution - method of approach 
1. Assume flow fills mixer area A5 and there is no local choke point downstream. 
(AS suffiCiently large not to choke). 
o 
2. Continuity: P5 = ~4P ~ 
P4p m5 A5 
Momentum: (: ) 4p + Ps As =~ (AS + ~ (_f_) 
P4p A4p P4p A4p I P 5 
Condition: Ps =' P5 This is required according to NACA RME 5IEOI. 
o P5 
Assume M5 defining m 5 , (f/p) , -, k 5 P 4p 5 
3. 
Check momentum equation; vary M5 until agreement reached. 
S7 
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4. 
5. For M of step 3 determine an effective (AlA *) 5 from chemical equilibrium 
data. ~hen assuming neither temperature nor 'pressure losses between mixer 
station 5 and exit station 9. 
(A/A*)g =(::~ (:*) 5 
6. From chemical equilibrium determine ideal specific impulse for the area 
ratio of step 5. 
7. SpeCific impulse performance presented below and in Figure 6 
Ideal Isp = 458 sec @ O/F = 7.936; PT 5 = 612; p s = 1.59 psi 
= 478 sec@O/F=5.25;PT5 =852;ps = .98psi 
= 467 sec @ O/F = 3.50; PT5 =721; Ps = .75 psi 
8. The above performance were reduced 4% to account for real nozzle 
effects (See Table III ). 
9. A word of caution is necessary for the supersonic solution. It is necessary 
that the minimum flow area AS be large enough not to choke. For the variable 
exit nozzle geometry configuration established for this engine, the throat 
area A8 can be as large as the combustor area A7 and there is, therefore, 
no geometric area contraction. However, there are large flow deflections 
in passing through the exit nozzle. Whether this would cause choking is 
unknown and would have to be experimentally determined. 
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